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Abstract
Carbon anodes used in aluminium electrolysis cells are produced from a blend of
calcined petroleum cokes, recycled anode butts and using a coal tar pitch as a binder.
As cokes are the main constituents of carbon anodes, their properties are important
for the quality of the ﬁnal anode product. Coke is produced from petroleum crude oil
and there are three main types of cokes: anisotropic needle coke, anisotropic sponge
coke and isotropic cokes. Isotropic cokes have similar properties in all directions
and they have a ﬁne grained texture. Anisotropic cokes have a coarser texture and a
more layered structure. The anisotropic sponge coke is a mixture of ﬁne and coarse
texture and has a heterogeneous structure. Traditionally, anisotropic cokes have been
regarded as anode grade cokes, but due to changes in the petroleum production the
future supply of anisotropic cokes is expected to be insufﬁcient, making isotropic
cokes a raw material for coke blends.
Two pilot anode lines have been produced where one varied in isotropic to anisotropic
coke content (0 %, 7.2 %, 14.2 %, 35.0 %, 49.0 % and 100 % isotropic coke content)
while the other varied in mixing (150 ◦C and 210 ◦C) and baking temperature (1150 ◦E,
1260 ◦E and 1350 ◦E). The second pilot anode line was produced with anisotropic
coke only. Both pilot anode lines were produced of fresh coke only, i.e. no butts were
introduced. These two pilot anode lines have been investigated thoroughly in the
present work.
The anodes were characterised electrochemically, with the aim of determining differ-
ences in overpotential for anode setups both designed formaximum (horizontal anode
setup) and minimum (vertical anode setup) bubble retention on the anode surface.
A small reduction of the reaction overpotential was observed upon introduction of
isotropic cokes. Also, a signiﬁcant reduction in potential oscillation of ∼0.19 V related
to bubble formation and release was found for the blended anodes (7.2 %-49.0 %
isotropic coke), and correspondingly a lower screening of the surface by the bubbles
formed. A suggested explanation for the lowered potential oscillation amplitude is
the increased wettability between anode and electrolyte observed when using the
immersion-emersion technique. Increased wettability lowers the contact angle, and
helps remove gas bubbles from the anode surface more efﬁciently.
Some obvious problems concerning use of isotropic cokes in carbon anodes is the low
porosity of the coke grains. This gives problemswith pitch penetration andhenceprob-
lems with producing a dense carbon anode. Results obtained by imaging techniques
and porosity measurements show that producing anodes entirely from isotropic cokes
is not feasible. When using isotropic coke in blends with anisotropic coke, the higher
coefﬁcient of thermal expansion of isotropic coke needs to be taken into consideration.
There is a threshold for how much isotropic coke it is possible to blend in the anodes
before cracking will occur. X-ray computed tomography has shown that this threshold
for this pilot anode line is between 14.2 and 35.0 % isotropic coke. For the 35.0 %
anode cracking is visible, while for the 49.0 % anode extensive cracking is observed.
Another issue with isotropic coke is the increased amount of impurities, both metal
impurities and sulfur. The metal impurities will end up in the aluminium metal and
v
cause increased impurity levels in the ﬁnal products. The metal impurities will have
to either be removed or tolerated. The increased sulfur content will give increased SO2
emissions and will need to be removed from the off-gases by wet scrubbing.
When investigating the effect of baking and mixing temperature, the mixing tempera-
ture was found to be the most inﬂuential of the anode properties. A too low mixing
temperature is detrimental to anode density creating anodes with increased porosity,
and this in turn affects properties like speciﬁc electrical resistivity and air permeability.
However, the increased anode porosity for the low mixing temperature anodes did not
affect the electrochemical performance in terms of reaction overpotential. A slight
increase in capacitance was seen for the low mixing temperature anodes, and this
was attributed to the higher surface roughness caused by the increased porosity. The
anisotropic coke used for producing this pilot anode line was a low sulfur coke, which
probably explains why little effect of the various baking temperatures was observed,
as desulfurisation is not expected for these cokes.
vi
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1 Introduction
1.1 Motivation
The aluminium industry has moved towards larger higher amperage cells to increase
production. This has led to a need for larger carbon anodes, as well as high quality
anodes in order to avoid increased anode failures in the potrooms. Anode failures
include cracking, overheating of anodes and spikes. China’s demand for aluminium
has increased exponentially since year 2000 [1], and increased production led to an
increasing demand for calcined petroleum coke for anode production. Calcined
petroleum coke is produced from crude oils and the quality of the crudes in terms
of impurities and structure depend on geography of the oil wells, more than calciner
production parameters. Crude oils extracted from the North Sea and North and West
Africa produce high quality, low impurity and highly anisotropic cokes. Isotropic cokes
are produced from crudes extracted from oil wells in the Mexican Gulf and Venezuela.
Isotropic cokes have previously been disregarded by the aluminium industry due to
its high impurity level and less developed structure. However, with the increased
demand for petroleum coke due to China’s expansion as an aluminium producer and
consumer, isotropic coke has become an extra source of anode grade petroleum coke,
despite its short-comings [2, 3].
The coke producers have strongly encouraged the aluminium industry to accept the
use of isotropic cokes in blends for carbon anodes [3–5]. This in turn leads to the need
for research with the aim to investigate the effect of isotropic cokes in anodes in terms
of their baking properties, like increased risk of cracking due to the higher coefﬁcient
of thermal expansion these cokes inhibit in relation to the blending ratios. Also, in
order to produce high quality anodes, correct tuning of baking and mixing tempera-
tures is important. These production parameters have a great effect on the resulting
baked anode density and hence parameters like the speciﬁc electrical conductivity, air
permeability, resistance to crack propagation and resistance to thermal shock [6]. Low
density anodes of poor quality can cause excess carbon consumption and increase
the risk of higher emission of greenhouse gases due to increased air and CO2 reactivity
[7]. Traditionally, the mixing temperature used during anode production has been
∼50 ◦C above the Mettler softening point of the pitch, but scientists have questioned if
this procedure has been questioned [8–10] since the wettability of pitch towards coke
has been shown to improve drastically at much higher temperatures above the Mettler
softening point.
Moreover, the effect these cokes have on electrochemical performance of the anode
like reaction overpotential, wetting behaviour between anode and electrolyte and the
effect on bubble generation and release on the anode surface, needs to be investigated.
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1.2 Aim of work
The main aim of the work in this thesis has been to investigate the effect of various
production parameters like coke quality, blending ratio of isotropic to anisotropic
coke, mixing temperature and baking temperature on anode performance. Two pilot
anode lines were produced from <2 mm coke aggregate. The ﬁrst pilot anode line
varied in isotropic coke content, ranging from 0 % isotropic coke (100 % anisotropic
coke), 7.2 %, 14.2 %, 35.0 %, 49.0 % and 100 % isotropic coke. All other production
parameters were kept constant for this line. For the second pilot anode line, the
production parameters were varied in terms of mixing temperature (150 ◦C and 210 ◦C)
and baking temperature (1150 ◦E, 1260 ◦E and 1350 ◦E). The anodes in this production
line were made from 100 % anisotropic coke and all other production parameters were
kept constant.
These sets of pilot anodes were then characterised to reveal differences in the overall
electrochemical reactivity, both with respect to evaluation of reactions rate, as well as
additional overvoltage related to bubble formation and release. Differences in local
consumption rates between grains of different composition, as well as the pitch phase,
was addressed by means of various imaging techniques. Imaging techniques have
also been applied to gain valuable knowledge about the internal morphology of the
anodes. The electrode-electrolyte wetting properties were investigated and used to
provide further insights to the results from electrochemical characterisations. Fur-
thermore, the ﬁndings are correlated to the results from conventional anode tests, like
content of impurity, baked anode density, speciﬁc electrical resistivity, air permeability,
coefﬁcient of thermal expansion, air and CO2 reactivity.
1.3 About the Structure of the Thesis
Chapter 2 gives a general introduction to the ﬁeld of aluminium production, carbon
anodes and calcined petroleum cokes. Chapters 3, 4 and 5 are the main chapters
of the thesis, and includes the results from the experimental work. These chapters
address the electrochemical reactivity of anodes varying in isotropic coke content
(Chapter 3), as well as the anodic bubble behaviour for the same anodes (Chapter 4).
In the last main chapter, Chapter 5, effects of baking and mixing temperatures on the
performance of the anodes have been investigated. These three chapters have been
written as individual papers. They may be read separately, and will later be submitted
to relevant journals. Selected results have been included in two publications in Light
Metals, and these are included in Appendices E.3 and E.4.
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2 Carbon Anodes for Aluminium Production
2.1 The Hall-Héroult Process
Aluminium is produced in the “Hall-Héroult” process [1]. This process was patented
in 1886 by two independent scientists: the American Charles Martin Hall and the
Frenchman Paul Héroult. They both suggested the electrochemical reduction of alu-
minium oxide (Al2O3) in a an electrolyte mainly consisting of molten cryolite (Na3AlF6)
according to the general reaction given in Equation 2.1. Cryolite was chosen for its
rare ability to dissolve Al2O3. Overall, Al
3+ is reduced at the cathode, while carbon is
oxidised at the carbon anode forming CO2. In reality, the reaction scheme is a little
more complicated, and the anode reaction will be discussed further in later chapters.
2Al2O3(d i s s ) +3C (s ) = 4Al (l ) +3CO2(g ) (2.1)
Figure 2.1 shows a sketch of a modern Hall-Héroult cell with prebaked carbon anodes.
The electrolyte and anodes are covered by crust and anode cover material. The elec-
trolyte is covered in order to avoid excess reaction between electrolyte and air, forming
e.g. HF. The coverage of anodes is done in order to avoid excess air reactivity of the
carbon anode (i.e. airburn). Modern cells are usually point fed with Al2O3. The elec-
trolysis cell consists of a steel casing lined with refractory bricks. A current collector
bar is cast into the carbon cathode block at the bottom of the cell. The sides of the
electrolysis cell are protected by frozen cryolite - the sideledge. Molten electrolyte
is placed on top of the cathode. When aluminium is formed, this is collected at the
bottom of the cell. Hence once formed, aluminium works as the real cathode of the
cell towards the electrolyte. Steel rods are cast into the anodes and the steel rod is con-
nected to the anode beam. Prebaked anodes are consumed and have to be changed
every 2-4 weeks depending on anode size and current density. Approximately 75 % of
the anode is consumed before anode change needs to take place and the remaining
part is called butt. The butts are cleaned, crushed and used as raw material for new
carbon anodes. [2]
Ever since the electrochemical production route of aluminium metal was invented, a
carbothermic reduction route has been investigated. However, no success has been
made to date on this ﬁeld in order to replace the high energy intensive Hall-Héroult
process (13 kWh/kg Al in modern cells) on an industrial scale.
2.2 Carbon Anodes for Aluminium Electrolysis
A typical prebake potline consists of several hundred electrolysis cells and each cell
consists typically of 20-40 anodes. The technology including cell amperage, size of
anodes and number of anodes per cell vary from plant to plant. Nevertheless, carbon
anodes are an important component in aluminium electrolysis. Carbon anodes are
produced from coal tar pitch and calcined petroleum coke, usually a blend of various
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Figure 2.1: A sketch of the Hall-Héroult cell.
qualities. The cokes are fractioned and sieved to the desired distribution of aggregates.
The coke is then mixed at an elevated temperature with pitch (usually >50 ◦C above
the pitch Mettler softening point). Then forming and pressing takes place. Finally the
anodes are baked at about 1100-1150 ◦C. The total baking time including preheating,
ﬁring, cooling, unloading of the baking furnace and maintenance of refractory bricks
is about two weeks [3]. The baking level of the anodes depends on both the maximum
temperature the anode sees, but also the hold time at this temperature. Lossius et
al. [4] has developed a method for determining the degree of graphitization of the
anode material, determined by measurements of crystallite size, Lc . The unit for bak-
ing temperature is called the equivalent temperature, ◦E, when using the method of
measuring the crystallite size [4]. The typical range of Lc for carbon anodes is 20-40 Å
[3]. Figure 2.2 shows the thermostructural evolution for carbon-rich materials vs. tem-
perature [3, 5], including the carbonisation process below 2000 ◦C, and graphitisation
at higher temperatures.
The overall objective of the baking process is to transform the binder pitch structure
into a more graphitized form that is closer to the petroleum coke, through decomposi-
tion and carbonisation. When increasing the amperage in the potroom, the industry
have experienced problems with anode quality (excess anode consumption and anode
cracking) [7, 8]. Excess consumption happens in terms of CO2 and air reactivity and
Equations 2.2-2.4 show these processes [9].
Canod e +CO2(g ) = 2CO (g ) (2.2)
Canod e +O2(g ) = 2CO2(g ) (2.3)
2Canod e +O2(g ) = 2CO (g ) (2.4)
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Figure 2.2: Degree of crystallographic orientation as a function of temperature extracted
from [6]. The structure resembling carbon anodes are typically found around 1100-1300
◦C [3, 5].
Optimization of the bakingprocess is required for high-quality anodes. For highbaking
tempreatures, better crystallite orientation will result in better electrical conductivity
andhigher resistance towards attack by ambient air andCO2 . However, overbakingwill
cause desulfurisation and microporosity, and hence, an optimum baking temperature
exist. This optimum baking temperature will differ according to coke qualities and
their original sulfur content. Microporosity increases both the air permeability and the
air reactivity [3]. Air reactivity is a problem when carbon anodes come in contact with
air, since excess consumption of the anodes will take place due to airburn. In industry,
this problem is mainly solved through good coverage of the anodes using alumina and
frozen electrolyte as shown in Figure 2.1. In contrast, CO2 reactivity is relevant for the
anode:gas:electrolyte interface. When CO2 is formed electrochemically, gas bubbles
may reside on the surface of the anode and react to form CO, as described in Equation
2.2. At Hydro Årdalstangen air and CO2 reactivity tests are used regularly to monitor
anode quality [9].
Table 2.1 show worldwide ranges for a carbon anodes, and target values for various
physical parameters [3].
2.3 Pilot Scale Anode Production
Hydro Aluminium has long experience in producing pilot anodes for experimental
purposes. Pilot scale anodes are valuable for experimental purposes, but only if the
pilot scale anodes have physical properties similar to industrial scale anodes. The
pilot line at Hydro Årdalstangen has been tuned to simulate industrial scale anodes
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Table 2.1: Preferred targets for good anodes extracted from [3].
Property Method Unit Worldwide Mean target
ranges for good anodes
Baked apparent density ISO 12985-1 kg/dm3 1.50-1.62 ≥ 1.58
Spec. el. resistance ISO 11713 μΩm 51-74 ≤ 55
Flexural strength ISO 12986-1 MPa 4-14 ≥ 12
Compressive strength ISO 18515 MPa 30-65 ≥ 45
Coeff. of th. expansion ISO 14420 10−6K−1 3.6-4.6 ≤ 4.1
Thermal conductivity ISO 12987 W/mK 3-5 4.2
Air permeability ISO 15906 nPm 0.3-8 ≤ 0.9
CO2 reactivity ISO 12988-1
Residue % 75-96 ≥ 92
Dust % 0.2-14 ≤ 2
Loss % 4-15 ≤ 6
Air reactivity ISO 12989-1
Residue % 55-95 ≥ 80
Dust % 1-12 ≤ 3
Loss % 4-35 ≤ 15
and Table 2.2 has been extracted from Lossius et al. [10] to show that it is possible
to make pilot anodes that are similar to industrial scale anodes. After tuning was
established, a series of pilot anodes were made by Lossius et al. [10] using full scale
production coke, butts fractions and pitch. The table shows averages from 9 pilot
anodes and 13 industrial anodes with the same coke and butts fractions and the same
pitch. Generally, the properties matched well, although the Young’s Modulus was
somewhat lower and the permeability was a little higher for the pilot line anodes. The
full scale anode properties represent typical anode properties of a modern anode
production plant.
2.4 The Origin of Petroleum Cokes
As cokes are the main constituents of carbon anodes, their properties are important for
the quality of the ﬁnal anode product. Cokes are produced from petroleum crude oil
and there are three main types of cokes: anisotropic needle coke, anisotropic sponge
coke and isotropic cokes. The isotropic coke has similar properties in all directions
and a ﬁne grained texture. Anisotropic cokes have a coarser texture and a more layered
structure. The anisotropic sponge coke is a mixture of ﬁne and coarse texture and has
a heterogeneous structure [11]. Differences in the coke quality originates from differ-
ences in the crude oil residues, which in turn depends onwhere the crude oil originates
from geographically, more than the production parameters. Asphaltenes are complex
polyaromatic compounds in the crude oil [12]. A signiﬁcant amount of asphaltenes
in the crude is essential in order to produce cokes with high bulk density. However,
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Table 2.2: Anode property comparison after tuning the pilot anode line to simulate indus-
trial scale anodes. The work was performed at Hydro Årdalstangen [10].
Anode property Unit Pilot scale anodes Production anodes
Reactivity, RCO2 mg/cm
2h 14.9 15.3
Reactivity, Dust index % 3.2 2.0
Reactivity, RAi r mg/cm2h 33.7 30.0
Density g/cm3 1.582 1.582
Resistivity, SR m 52.9 52.7
Young’s Modulus, YM MPa 9394 10273
Strength, CCS MPa 44.1 45.5
Permeability nPm 0.8 0.3
Expansion, CTE 1/K·106 4.5 4.7
Thermal Shock, TSR 19.6 18.1
asphaltenes also have a high amount of metal impurities like vanadium, nickel and
iron. Some crude oil high in sulfur and with a signiﬁcant amount of asphaltenes,
produces cokes with a high bulk density, high particle strength and high concentration
of impurities like vanadium and nickel. These cokes are known as isotropic coke,
including shot coke. Characteristic of asphaltenes that tend to produce shot coke is
that they have a higher number of heteroatoms per aromatic carbon. Heteroatoms are
deﬁned as an atom other than carbon in a ring structure. Additionally, asphaltenes
that produce shot coke are associated with higher solubility parameter to polynuclear
aromatic (PNA) cores. A higher solubility parameter of PNA cores favour more rapid
phase separation and promote self-coking molecular weight growth reactions that
inhibit mesophase development and particle agglomeration during the coking process.
Mesophase and particle agglomeration characterises anisotropic coke formation [12].
It is especially crude oil from Mexico and Venezuela that exhibit these properties [13].
Shot coke has a ﬁne texture and uniform properties. The particles are usually spherical
and uniform in size and with little open porosity [11].
Crudes from the North Sea and North and West Africa have low concentrations of
metal and sulfur impurities and are also low in asphaltenes. These crude oils produce
anisotropic cokes with lower bulk density and lower impurity concentrations. Raw
material for anisotropic sponge coke are heavy hydrocarbons, in containing an ap-
propriate ratio of aromatics and asphaltenes. Needle coke is produced from aromatic
crude oil with no asphaltenes and metal impurities. This coke is not used as anode
grade coke due to its low bulk density, high porosity, poor particle strength and size
[11, 13].
8
References
[1] J. Thonstad, P. Fellner, G.M. Haarberg, J. Hives, H. Kvande, and Å. Sterten. Alu-
minium Electrolysis: Fundamentals of the Hall-Heroult Process. 3rd. Dusseldorf:
Aluminium-Verlag, 2001.
[2] K.L. Hulse. Anode Manufacture. 1st. Sierre: R&D Carbon Ltd., 2000.
[3] F. Keller and P.O. Sulger. Anode Baking. 2nd. Sierre: R & D Carbon Ltd., 2008.
[4] L.P. Lossius, I. Holden, and H. Linga. “The Equivalent Temperature Method for
Measuring the Baking Level of Anodes”. Light Metals (2006), pp. 609–613.
[5] K. Grjotheim and H. Kvande. Introduction to Aluminium Electrolysis. 2nd. Dus-
seldorf: Aluminium-Verlag, 1993.
[6] H. Marsh and J. Grifﬁths. “A high resolution electron microscopy study of graphi-
tization of graphitizable carbons”. Proc. Intern. Symp. on Carbon, New Processes
and New Applications (1982), p. 81.
[7] L.P. Lossius, J. Chmelar, I. Holden, H. Linga, and M. Tkac. “Pilot Scale Anodes
for Raw Material Evolution and Process Improvement”. Light Metals (2013),
pp. 1177–1182.
[8] V. Piffer, P. Miotto, C. Kato, M. Meier, R. Perruchoud, and P. Sulger. “Process
Optimization in Bake Furnace”. Light Metals (2007), pp. 959–964.
[9] T.E. Jentoftsen, H. Linga, I. Holden, B.E. Aga, V.G. Christensen, and F. Hoff. “Cor-
relation between Anode Properties and Cell Performance”. Light Metals (2009),
pp. 301–304.
[10] L.P. Lossius, K.J. Neyrey, and L. Edwards. “Coke and Anode Desulfurization
Studies”. Light Metals (2008), pp. 881–886.
[11] L. Edwards, F. Vogt, M. Robinette, R. Love, A. Ross, M. McClung, R.J. Roush, and
W. Morgan. “Use of Shot Coke as an Anode Raw Material”. Light Metals (2009),
pp. 985–990.
[12] M. Siskin, S.R. Kelemen, C.P. Eppig, L.D. Brown, and M. Afeworki. “Asphaltene
Molecular Structure and Chemical Inﬂuences on the Morphology of Coke Pro-
duced in Delayed Coking”. Energy Fuels (2006), pp. 1227–1234.
[13] B. Vitchus, F. Cannova, and H. Childs. “Calcined Coke from Crude Oil to Cus-
tomer Silo”. Light Metals (2001), pp. 589–596.
9
3 Electrochemical Performance of Anodes
Varying in Isotropic Coke Content
Abstract
As the aluminium industry faces a shift towards utilizing previously rejected isotropic
cokes, it becomes increasingly important to understand the impacts of this coke in
carbon anodes. In thiswork, the effects of isotropic cokes on electrochemical reactivity,
both by electrochemical methods and by various imaging techniques (3D confocal
optical microscopy, SEM/EDS and computed tomography) were investigated. For
the investigation, a set of anodes containing various fractions of isotropic cokes: 0 %
isotropic coke (i.e. 100 % anisotropic coke), 7.2 %, 14.2 %, 35.0 % and 49.0 % isotropic
coke to anisotropic coke including an anode made from 100 % isotropic coke, were
tested and characterised. The study also includes effects on physical parameters
including density, speciﬁc electrical resistivity, air permeability, coefﬁcient of thermal
expansion, air and CO2 reactivity and dust index. Electrochemical methods used were
chronopotentiometry, polarisation curves (very slow cyclic voltammetry scan) and
electrical impedance spectroscopy (EIS) in laboratory scale cells. Capacitance was
extracted from the EIS data. The experimental setup was chosen as to minimize effects
of bubble retention on the anode surface using a vertical anode working surface. A
minor increase in the electrochemical reactivity in terms of reduction in reaction
overpotential and an increase of the double layer capacitance were observed upon
addition of isotropic coke. The latter is a clear indication of improved electrolyte
wetting of the isotropic cokes.
Scanningelectronmicroscopy (SEM)andenergydispersive spectroscopy (EDS) showed
that sulfur is mainly bound to carbon in cokes; hence metal sulphides are of minor
importance in cokes, both isotropic and anisotropic. Confocal microscopy images
taken before and after electrolysis showed that pitch is the more reactive phase in an-
odes, and is faster consumed than coke particles. Both confocal microscopy and X-ray
computed tomography (CT) have been used to show that isotropic and anisotropic
coke particles are consumed at approximately the same rate. CT images also showed
that even large pores are not penetrated by the electrolyte during electrolysis. CT
images of the interior of the anodes showed cracks for anodes containing ≥35.0 %.
This is due to the higher coefﬁcient of thermal expansion for the isotropic cokes.
The above ﬁndings suggest that using isotropic coke in anodes is possible, and can
even be beneﬁcial for the electrochemical performance of the anodes. However, due
to thermal strain cracking issues, and the high amount of sulfur and metal impurities,
there is a threshold for maximum amount of isotropic coke possible to use in anodes.
For this pilot anode line, this blending ratio limit is found between 14.2 % and 35.0 %.
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3.1 Introduction
Production of aluminium is a high energy intensive process and the best cells today
run at about 13 kWh/kg Al. The electrolysis cells are run at constant current and a
total cell voltage of 4.1-4.2 V is common in modern cells, although the decomposition
voltage of Al2O3 including overvoltages related to the anode and cathode is typically∼1.8 V. The cell voltage is hence a decisive factor concerning the energy consumption
(kWh/kg Al). In addition, the cell voltage is important for keeping the correct heat
balance of the cell and maintaining good cell stability. These are the most important
factors when choosing the operational target cell voltage in aluminium electrolysis
cells [1].
3.1.1 Use of Isotropic Coke in Anodes
As the aluminium industry faces a shift towards utilizing previously rejected isotropic
coke, it becomes increasingly important to understand the impacts of this coke in
carbon anodes.
Anode grade coke has normally been deﬁned as delayed petroleum coke with an
anisotropic sponge structure. These cokes are relatively low in metal impurities like
vanadium (<400 ppm) and nickel (<250 ppm), and also low in sulfur (0.5-4.0 %) [2].
Today, a range of cokes of different qualities and a wide range of properties, anisotropic
and isotropic, including shot coke, are blended and used as anode grade coke [2]. This
is due to shortage of traditional anode grade coke, which in turn is due to a higher
demand for coke for anode production, reﬁning technology and available crude oil
quality. Many of the new oil ﬁelds extract crude oil of higher speciﬁc gravity and with
higher sulfur content. Cokes produced from these crudes typically have an isotropic
character [3]. Shot coke is an isotropic coke type with some special features. The coke
has a ﬁne texture and more uniform properties. The particles are usually spherical,
uniform in size and with little open porosity [4].
Edwards et al. [2, 4] have investigated the effect of using isotropic shot coke in anodes
in collaboration with several aluminium producers. Isotropic shot coke has generally
a higher coefﬁcient of thermal expansion compared to anisotropic sponge cokes. This
makes anodes containing isotropic shot coke more susceptible to cracking. There is a
threshold for how much isotropic shot coke it is possible use in anodes before cracking
occurs. Plant trials have found that 20 % isotropic shot coke is below this limit. The
baked density of anodes containing isotropic shot coke is found to be higher than
the purely anisotropic sponge coke anodes. As isotropic cokes are typically higher in
impurities, this puts limitations on the fraction of isotropic coke that may be used in
the baked anode.
Increased sulfur content in anodes will give higher SO2 emissions and most smelters
around the world have to handle this in a way where they still manage to stay below the
SO2 emission limit set by the authorities. This can partly be taken care of by blending
with low sulfur cokes into the coke aggregate or by wet scrubbing the off gases from the
potroom [2, 4–6]. Removing sulfur by increasing coke calcination temperature and/or
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increasing residence time in the coker is possible, but will produce coke that is not
suitable for anode manufacturing due to decreased bulk density due to the increased
desulfurisation that will take place at higher calcining temperatures/residence times
[5]. On the other hand, sulfur has the desirable effect that it acts as an inhibitor to CO2
reactivity by forming inactive metal-sulfur complexes with metal catalysts [7].
High contents of V and Ni will give increased impurity levels in the ﬁnal aluminium
metal product [8]. Removing V from the ﬁnal metal product is possible and is done by
many aluminiumproducers. Ni on the other hand is difﬁcult to remove and canonly be
achieved by the “three-layer electrolytic reﬁning method”. However, this approach will
double the production cost of the aluminium metal. As a consequence, producers and
consumers of aluminium metal may have to accept higher impurity speciﬁcations [7,
9, 10]. Vanadium is found to destabilise the surrounding carbons in the ring structure
and hence act as an air reactivity catalyst [7]. Increased airburn give increased carbon
consumption of the anodes. However, good process control and good crust coverage
of the anodes reduce the extent of this problem [10].
3.1.2 Anodic Reaction Mechanisms
In an aluminium electrolysis cell, aluminium oxide, Al2O3, is dissolved into a cryolitic
electrolyte, oxyﬂuoroaluminate ions (Al2OxF
6−2x−y
y [11]) are formed by chemical re-
action between the electrolyte and the Al2O3 and these ions are then oxidised on the
anode. Mainly carbon dioxide gas is then formed on the anode at normal operating
conditions, while a reduction reaction is taking place on the cathode forming alu-
minium [12]. Equation 3.1 shows the generalised total cell reaction when aluminium
is produced [13]:
2Al2O3(d i s s ) +3C (s ) = 4Al (l ) +3CO2(g ) (3.1)
Raman spectroscopy and cryoscopic measurements have shown bridging Al-O-Al
bonds and even double bridged bonds between aluminium and oxygen atoms in
cryolitic melts when Al2O3 is dissolved [14–16]. Haupin [11] suggested the following
reactions occurring in the electrolyte during Al2O3 dissolution.
4Al F 3−6 +Al2O3 = 3Al2OF
2−
6 +6F
− (3.2)
2Al F 3−6 +2Al2O3 = 3Al2O2F
2−
4 (3.3)
In Equations 3.2 and 3.3 AlF3−6 results from the dissociation of Na3AlF6 according to
Equation 3.4 [11].
Na3Al F6 = 3Na
+ +Al F 3−6 (3.4)
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Sterten [17] used thermodynamic calculations to verify that both Al2OF2−6 and Al2O2F2−4
species are probable. Al2OF
2−
6 was found to be the dominating ion at lower Al2O3
concentrations. However, he also found that species like Al2OF
6−
10 and Al2O2F
4−
6 had to
be present at higher Al2O3 concentrations in order to justify the observed solubility
ratio of Al2O3 in cryolitic melts.
Equations 3.5-3.7 show a generalised anodic reaction mechanism suggested by Picard
et al. [18] as a three-step electrochemical reaction. Equation 3.5 describes the diffusion
of oxyﬂuoroaluminate species from the bulk of the electrolyte to the anode surface.
Equation 3.6 describes the formation of an intermediate adsorbed CO compound on
the anode surface.
AlOF 1−xx (e l e c t r o l y t e )→ AlOF 1−xx (anod e ) (3.5)
AlOF 1−xx +C →COad s +Al F 3−xx +2e − (3.6)
Lastly, Equation 3.7 describes the desorption of gaseous CO2.
AlOF 1−xx +COad s →CO2+Al F 3−xx +2e − (3.7)
Kisza, Thonstad and Eidet [19] argues that a two-step reaction scheme is sufﬁcient for
describing the anode reaction process, and that diffusion of the oxyﬂuoroaluminate
species from the bulk to the surface is fast in a saturated cryolite melt. They suggested
that the Al2O2F
4−
6 anion was the most likely specie in Al2O3 rich electrolytes, although
this could not be deduced from the electrochemical measurements. Equations 3.8
and 3.9 show their suggested reaction mechanism. The ﬁrst step is the charge transfer
step with an adsorbed intermediate (Equation 3.8). This step was found to be rate
determining. The second step (Equation 3.9) involved electrochemical desorption.
Al2O2F
4−
6 → Al2OF 2−6 +COad s +2e − (3.8)
Al2O2F
4−
6 +COad s →CO2+Al2O2F 2−6 +2e − (3.9)
However, in a later work, Kisza et al. [20] suggested a three-step reaction mechanism,
where reactions 3.8 and 3.9 are preceded by the chemical step given below:
Al2OF
6−
10 → Al2O2F 4−6 +4F − (3.10)
Thus, although all details of the anodic reaction mechanism are still not fully under-
stood, it seems to be generally agreed that the sequence includes the oxidation of an
oxyﬂuoroaluminate species, and an intermediate adsorption process, most likely a
CO compound [13, 16].
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3.1.3 Anodic Overpotential
The anodic contribution to the total cell voltage is in the range of 0.4-0.7 V including the
additional voltage caused by gas bubbles [1, 12]. Equation 3.11 shows the components
that make up the measured potential, Eanod e ,mea sur e d [13, 21–24].
Eanod e ,mea sur e d = E
re v +ηc +η
′
r +ηh + I (R
′
s +δRs ) (3.11)
Here, Er e v is the reversible potential for the CO2 forming reaction. ηc is the concen-
tration overpotential caused by concentration gradients of Al2O3 in the electrolyte
close to the anode. η′r is the reaction overpotential when no gas bubbles are screening
the anode surface and ηh is the additional reaction overpotential on the anode due
to increased local current density caused by the reduced effective surface area when
bubbles are screening the anode. ηh is also denoted as hyperpolarisation [24–26].
The total reaction overpotential is hence ηr=η′r+ηh , and is related to charge transfer
reactions where intermediate adsorption/desorption processes takes place on the
electrode surface, as described in the previous section. I(R’s+δRS ) is related to the
increase in ohmic resistance when bubbles are screening the anode surface. R’s gives
the ohmic series resistance with no bubbles screening the anode and RS denotes the
increase in ohmic series resistance due to partial blocking of the anode.
It is generally agreed that the concentration overpotential is negligible in a saturated
melt, but also generally small even in industrial cells (estimated to ∼0.02 V). The
anodic reaction overpotential is∼0.5 V and the extra voltage caused by bubbles is∼0.2
V [12].
In laboratory studies, graphite has typically been found to have higher overvoltage
than baked carbon anodes [13]. Recent work has also given strong indications that
single coke source anodes fabricated from isotropic cokes have a slightly higher elec-
trochemical reactivity than anodes fabricated from anisotropic cokes, and thus a lower
reaction overpotential. In these studies, a vertical anode design was used in order to
minimise the bubble retention on the anode surface [21, 23, 27]. Leistra and Sides [25]
found hyperpolarisation on baked carbon anodes to be approximately 15 mV using a
rotating disk at 1.0 A/cm2.
Traditionally, researchers have ﬁtted experimental current-overvoltage data to the
semi-logarithmic Tafel equation when studying the anodic overpotential. However,
as reviewed by Thonstad et al. [13], there is a large scatter between results with nu-
merical values ranging from 0.09 V/dec to 0.55 V/dec for the Tafel slope. Sørensen
and Kjelstrup [28] has pointed out that producing Tafel plots are challenging since
the Tafel equation is a limiting case of the Butler-Volmer equation. Due to the two
possible reactions that can take place on the anode surface (the two electron trans-
fer reaction producing CO, mainly at low current densities but also as a competing
reaction to the CO2 evolving reaction at higher current densities [29], and the four
electron transfer reaction producing CO2), the true current-overvoltage relationship
is not likely to obey the Tafel approximation. Also, COS has been detected during
electrolysis [30] and at lower concentrations of Al2O3 the production of several other
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anodic gases is also possible, mainly COF2 and CF4 [31]. Hence, due to the complexity
of the anodic reaction and difﬁculties in setting the current density correctly e.g. due
to bubble noise, the parameters determined from the Tafel approximation are difﬁcult
to compare and interpret from one experiment to another. Factors like experimental
design affects the resulting Tafel curve and the parameters are hence speciﬁc of the
given electrochemical conditions in each laboratory setup.
3.1.4 Electroactive Surface Area determined by the Capacitance
For the determination and comparison of electrochemical activity of different anodes,
it is crucial that variations in surface area are corrected for. It is generally agreed that
the capacitance provides a measure of the active electrode surface area [19, 32, 33]
as it reﬂects the ability of the surface to store electric charge by polarisation. Elec-
trochemical impedance spectroscopy (EIS) can be used to extract the capacitance of
an electrode. Eidet [16] (Sections 2-5) gives a good introduction to the use of EIS in
cryolitic systems. The capacitance can be used as an in situ measure of the wetted
surface area. Typical values for double layer capacitance for graphite is reported in the
range 45-75μF/cm2. Thonstad [34] found a double layer capacitance for baked carbon
anodes, in the range 150-600μF/cm2, however, the most commonly capacitance range
for carbon anodes reported by various scientists is 150-280 μF/cm2 [19, 32, 33, 35].
In a recent work, Gebarowski et al. [36] found double layer capacitance for graphite
after polarisation of 30 μF/cm2. For two anode samples varying in coke quality, they
found ranges between 50-70 μF/cm2 at potentials above 1.3 V. At potentials below
1.3 V the capacitance was somewhat higher. Nevertheless, Gebarowski et al. [36] show
lower capacitance values than previously reported. It is assumed that for sufﬁciently
high frequencies no faradaic reactions occur (or occur at negligible rate), such that
the only contributions to the imaginary impedance are the double layer capacitance
and the inductance from the external leads. In Gebarowski et al. [36] the effect of the
frequency range was investigated in order to be able to use this assumption and it was
shown that a higher frequency range is needed for this assumption to be true.
In general, the large variety in capacitance measured for baked carbon anodes is
attributed to the variation in porosity and the inhomogeneity in surface roughness
between samples [33, 34, 37]. Varying production parameters of these anodes in terms
of e.g. coke and pitch quality, mixing and baking temperatures will affect the porosity
and surface roughness. The surface roughness will also change during electrolysis due
to uneven electrolytic consumption of the anodes. Thonstad [37] found an increase in
double layer capacitance of 45 % when comparing a fresh baked carbon anode sample
with the same anode after it had been electrolysed for a time corresponding to anode
consumption of 2 mm at 1.0 A/cm2. However, Jarek and Orman [35] found no such
increase in capacitance for baked carbon anodes before and after polarisation.
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3.1.5 The Effect of Carbon Structure on the Electrochemical Anodic Reactivity
The amount of active sites on carbon surfaces depends on crystallite size, crystallite
orientation, vacancy concentration in the basal plane and type and location of im-
purities [38]. It has been shown that edges of carbon crystallites have higher oxygen
reactivity than basal plane surfaces, as edge carbon atoms have unpaired electrons
available for bonding (so-called “dangling bonds”, i.e. the incompleteσ-bonds) . Edge-
planes have also been shown to be electrochemically more active for various carbon
materials: more edge-planes gives higher electrochemical activity [39]. The effect
of basal planes has also been shown on overpotential measurements on pyrolytic
graphites (perpendicular and parallel to basal plane), graphite and baked carbons by
Thonstad [40]. The pyrolytic graphite with parallel basal planes showed higher over-
potential than pyrolytic graphite with perpendicular basal planes. Regular graphite
showed lower overpotential compared with the near perfect ordered structure py-
rolytic graphite. Lastly, the least structured baked carbon anodes showed the lowest
anodic overpotential.
Thorne et al. [21] determined the amount of edge sites, basal planes and defects
for crushed graphite, isotropic and anisotropic cokes and for crushed anodes made
from isotropic and anisotropic coke. It was found that the coverage of edge sites
increased with isotropy and that the coverage of defect sites decreased with isotropy.
The graphite anode showed a substantial amount of basal planes, while the petroleum
cokes showed a basal plane fraction less than 10 %, Thorne et al. [21] observed that the
anodes made from isotropic cokes with a higher fraction of edge sites also exhibited a
slightly lower polarization resistance and overpotential as compared to the anodes
made from anisotropic cokes.
3.1.6 Purpose of this Work
Based on the changes in the raw material situation for anode cokes, with a shift to-
wards blending in isotropic cokes into the coke aggregate, the purpose of this work
is to improve the understanding of the impact of this coke in carbon anodes. The
main objective of the work is to study the effects of isotropic cokes on electrochemical
reactivity, both by electrochemical methods, and by various imaging techniques (3D
confocal optical microscopy, SEM/EDS and computed tomography). The imaging
techniques provide information on local consumption of the various phases, on distri-
bution of impurities, as well as the morphology and quality of the anodes in terms of
porosity and presence of cracks.
The properties of anodes containing various fractions of isotropic cokes, i.e 0 % an-
ode (i.e. 100 % anisotropic coke), 7.2 %, 14.2 %, 35.0 % and 49.0 % isotropic coke to
anisotropic coke including also an anode made from 100 % isotropic coke are investi-
gated. The study includes effects on physical parameters (including density, speciﬁc
electrical resistivity, air permeability, coefﬁcient of thermal expansion, air and CO2
reactivity and dust index) and electrochemical reactivity, determined by chronopo-
tentiometry, polarisation curves (very slow cyclic voltammetry scan) and by electrical
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impedance spectroscopy (EIS) in laboratory scale cells. EIS is used in order to deter-
mine the capacitance and the charge transfer resistance. A vertical anode assembly is
chosen to minimise effects of bubble retention on the anode surface during bubble
build-up and release.
Confocal microscopy is used to study the consumption and the true area of anode
surfaces before and after electrolysis. X-ray computed tomography is used to study
the interior of anodes before and after electrolysis, and also in order to study the
electrolyte-anode surface interaction in terms of intrusion of electrolyte into pores.
By combining electrochemical and imaging techniques, differences in the reactivity
of the cokes are assessed, and some considerations regarding the optimum amounts
of isotropic coke are made.
3.2 Materials and Methods
3.2.1 Pilot Anode Materials and Electrolyte
Pilot scale anodes (Ø = 130 mm, h = 180 mm) were produced by Hydro Aluminium
from one single source sponge petroleum coke of anisotropic character, one single
source isotropic petroleum coke and an industrial grade coal tar pitch. The particle
size of the aggregate was 0-2 mm and the grain size distribution was comparable in
the aggregates; this aggregate sizing was chosen to ensure a representative and fairly
homogeneous surface area in laboratory scale experiments. The recipe for producing
the anodes was varied throughout the series in terms of blending ratio of isotropic to
anisotropic coke and was based on combining 1-2 mm, 0-1 mm and a ball mill dust
fraction (< 63μm). Six different pilot anodes were produced to varying blending ratios.
Table 3.1 shows the compositions of the anodes in this study, and the anode name
refers to the total isotropic coke content in the anode. The anode names referred to
in Table 3.1 will be used consistently throughout this chapter. A graphite material
from Svensk Specialgraﬁt AB (Ultrapure grade CMG) was used for comparison and is
denoted as “graphite” throughout the chapter. The pitch binder used for production
of the anodes had a Mettler softening point of 119.1◦C and a quinoline insoluble (QI)
level of 7.8%. Mixing and baking temperatures during anode fabrication were kept
constant throughout the entire anode series at 168 ◦C and 1230 ◦E, respectively. See
[41] for details on equivalent baking temperature, ◦E.
For clarity, Anodes 0 % and 100 % in this work are sampled from the same pilot anodes
as Anode A and B in Sommerseth et al. [23, 42], respectively. Also, Anode 0 % and
Anode 100 % are sampled from the same pilot anodes as Anode 1 and Anode 4 in [21,
22, 27, 36], respectively. However, new samples were made for the electrochemical
tests reported here.
The electrolyte was a cryolitic melt with a molar ratio of NaF to AlF3 of 2.3, saturated in
aluminium oxide. The cryolite was from Sigma Aldrich (>97% purity) with an excess of
AlF3 of 9.8 wt% (industrial grade, sublimed in-house) and 9.4 wt% γ-Al2O3 from Merck
(>99.4 % purity). The same electrolyte composition was used for all experiments.
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Table 3.1: Pilot anodes. Coke type denotes anisotropic, A, and isotropic, I, coke.
Anode Coke 0-1 mm 1-2 mm Ball mill Pitch
name type aggregate aggregate product content
wt% wt% wt% wt%
0 % A 35.0 38.0 27.0 15.0
I 0
7.2 % A 32.4 32.4 28.0 14.0
I 3.6 3.6 0
14.2 % A 28.0 28.8 29.0 14.0
I 7.0 7.2 0
35.0 % A 17.5 17.5 30.0 14.0
I 17.5 17.5 0
49.0 % A 10.5 10.5 30.0 14.0
I 24.5 24.5 0
100 % A 0 0 0 15.0
I 35.0 38.0 27.0
3.2.2 Physical Analysis
The anodes were characterised using International Organization for Standardization
(ISO) methods used in the industry for density (ISO 12985-1:2000), speciﬁc electrical
resistivity (SER) (ISO11713:2000), permeability (in housemethod atHydro comparable
to ISO 15906:2007) and coefﬁcient of thermal expansion (ISO 14420:2005, but the
temperature rangewas extended to 300-700◦Canda sample size ofØ= 20mm, height=
75mm). Air andCO2 reactivity testswereperformedusing in-house thermogravimetric
analysis methods developed at Hydro Aluminium similar to ISO 12989-1 and ISO
12988-1, respectively. Additionally, the levels of metal and sulfur impurities in the
carbon anodes were determined using X-Ray ﬂuorescence (XRF). The methodology
is described in ISO 12980:2000. All these measurements are performed as routine
measurements at Hydro Aluminium Årdalstangen.
3.2.3 Surface Investigations through Microscopy Imaging Techniques
Cores of 10 mm diameter samples were drilled from the 0 %, 49.0 % and 100 % pilot
anodes and the horizontal surface was ground down stepwise to P#4000 using SiC
paper. A low vacuum SEM, Hitachi S-3400N with EDS was used in order to perform
elemental analysis on the anodes. The entire horizontal surface of the anodes was
assembled from over 400 scans. The software Aztec from Oxford Instruments was
used in order to display the distribution of impurities on the anode surface. Surface
roughness investigations of the same horizontal anode surface were performed us-
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ing an Inﬁnitefocus confocal microscope from Alicona 3D. The resolution was 410
nm. The microscope scanned the entire surface, creating a 3D image of the anode
surface including pits and voids. The instrument measured and reported the surface
roughness of the anode as true area over projected area (TA/PA), where true area
included all pits and voids and projected area was the geometric surface area. The rod
samples were then electrolysed at 1.0 A/cm2 for 1500 s. After electrolysis the remaining
electrolyte on the anode surface was removed by soaking in a solution saturated in
AlCl3. Confocal microscopy was then repeated in order to investigate the changes
in surface roughness (TA/PA) after electrolysis. The images of the anode surfaces
obtained by confocal microscopy before and after electrolysis are used to investigate
differences in local consumption rates along the surface. Confocal microscopy images
as well as the SEM images are oriented in the same direction and used to investigate
the consumption of sulfur-rich grains.
3.2.4 X-Ray Computed Tomography
CT was used to investigate the interior of anodes and the intrusion of electrolyte into
anodic pores after electrolysis. Tomographs were recorded before and after electrolysis
at 1.0 A/cm2 for 1800 s. The anodes were withdrawn from the electrolyte with current
still on (hot-pulled). Figure 3.1 shows the anode assembly and the electrolysis setup
used when investigating the anodes using CT. The anode setup gave a well-deﬁned
surface area of 1.52 cm2. The anode test piece was shielded with a BN piece on the top
and bottom creating a vertical anode surface area. A graphite rod in the middle served
as electrical contact. This anode assembly was also used during the electrochemical
measurements, as described below.
CT was performed with a Nikon XT H225 ST. A molybdenum reﬂection target was used.
Settings for the imaging were 110 kV and 200 μA. Integration time was 1 second, 1440
projections per revolution, distance from source to sample was 35.1 mm, distance
from source to detector was 1124.8 mm and the voxel dimension (combination of
“volume” and “pixel” to denote the resolution) was 6.25 μm x 6.25 μm x 6.25 μm.
Three different software programs from Nikon Metrology were used to create the CT
images: Inspect-X (used to control the x-ray generator, sample table and collecting
images), CT Pro 3D (used to edit parameter ﬁles for reconstruction of CT images) and
CT Agent (used for reconstruction of CT images). The images were exported as a stack
of 2000 single 2D images sliced in the XY (transverse) direction. These were loaded
and post processed in ImageJ by cropping, translating and rotating the images so that
the after electrolysis scans matched the before electrolysis scans. These images were
merged into side-by-side images allowing easy comparison of the before and after
electrolysis scans. All these steps were done automatically by a custom written macro.
The translation and rotation parameters were determined manually.
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3.2.5 Texture Analysis
Optical microscopy is used to investigate the texture of the anodes varying in isotropic
coke content. 10 mm cores of anode samples were mounted in epoxy resin under
vacuum (Epoﬁx two-component epoxy with Epodye ﬂuorescent dye from Struers,
Denmark). When set, samples were ground and polished stepwise down to 1 μm
and studied in an optical microscope. When analysing the texture of the anodes a
custom written macro for the NIH software [43] was used in order to characterise
the anodes in terms of mosaic and ﬁber index. The mosaic and ﬁber index can be
related to the degree of isotropy and anisotropy. A magniﬁcation of x250 was used
and a representative area (total sample area of 4.6 x 4.6 mm2) of the samples was
investigated under polarised light (192 images stitched together).
3.2.6 Electrochemical Measurements
All electrochemical tests were performed using a Zahner IM6 potentiostat with a built
in frequency analyser for electrochemical impedance spectroscopy (EIS) measure-
ments. The potentiostat had a PP201 20 A booster from Zahner-Elektrik.
The anodes were characterised electrochemically by chronopotentiometry, cyclic
voltammetry (CV) and EIS. An aluminium reference electrode produced in-house was
used and all potentials were measured between the anode and the reference electrode.
The reference electrode is more thoroughly described in Appendix A. The carbon
anode was the working electrode, the graphite crucible walls acted as the counter
electrode. Figure 3.1 shows the anode assembly and the laboratory electrolysis cell.
The anodes were investigated by ﬁrst preconditioning the anode by electrolysing at
1.0 A/cm2 for 200 s. Then chronopotentiometry was performed at 1.0 A/cm2 200 s and
the voltage output between anode and reference electrode was recorded. The average
potential of the last 50 s was reported as the voltage output for each tested sample. CV
was run for three consecutive runs from open circuit potential (OCP) to 2.5 V at 0.1 V/s.
The scan was so slow that it was considered equivalent with polarisation curves.
Impedance spectra were recorded at OCP and 1.5 V (non IR corrected) in the frequency
range 100000-0.1 Hz. The amplitude was 50 mV. The potential has then been IR cor-
rected using the series resistance, RS , as obtained from the high frequency intercept
of the Nyquist plots. From the 1.5 V Nyquist plots the capacitance, Cd l or Ce f f (de-
pending on the equivalent circuit used), was extracted. The Nyquist plots were ﬁtted
to equivalent circuits using the software Zview 3.4e by Scribner Associates, Inc. The
EIS spectra have been modelled using two circuits: the simple LR(CR) circuit and
the more complex LR(Q(R(LR))) circuit as described by Harrington and Conway [44],
except that the ideal double layer capacitance has been replaced by a constant phase
element, Q (or often denoted as CPE). The ﬁrst resistance in the equivalent circuits
denotes the ohmic resistance of the electrolyte including the leads to the electrode,
also known as the series resistance, Rs , and the ﬁrst L is the inductance of external
wires. The second and third resistances are the charge transfer resistances of the ﬁrst
and second half spheres in the Nyquist spectras, RCT1 and RCT2 , respectively. The last
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(a) (b)
Figure 3.1: Electrochemical experimental setup used when electrolysing samples for CT
scanning and during general electrochemical testing, including overpotential measure-
ments, cyclic voltammetry and electrical impedance spectroscopy. All measures indicated
in the ﬁgure are in mm. a) Vertical anode assembly. b) A principle sketch of the electrol-
ysis cell used with the aluminium reference electrode, the graphite crucible acting as the
cathode, the vertical anode assembly and the electrolyte.
L is denoted as the inductance of adsorbed species, Lad s . In [44], the LR(Q(R(LR)))
equivalent circuit was derived for a general reaction sequence involving intermediately
adsorbed species. Introduction of the constant phase element is reasonable, since the
anodes studied here have a relatively high surface roughness [45]. Different methods
were used in order to determine the double layer capacitance. It was extracted directly
using the equivalent circuit LR(CR). The effective capacitance was modelled using
the equivalent circuit LR(Q(R(LR))). The effective capacitance, Ce f f , was calculated
using Equation 3.12 (same as Equation 15 in Orazem et al. [46] developed for Faradaic
systems). The effective capacitance is also denoted interfacial capacitance and may
be considered to be a good approximation for the double layer capacitance.
Ce f f =Q
1/α

Rs (RCT1 +RCT2)
Rs +RCT1 +RCT2
(1−α)/α
(3.12)
α is the dimensionless constant phase element exponent in Equation 3.12. The re-
maining symbols have been described above.
In addition, the capacitance was extracted using the high frequency range (100000-
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5000 Hz) assuming the simple circuit LRC to apply. L represents the inductance
of the leads to the cell, R represents the resistance of the electrolyte between the
anode and the reference electrode (including leads to the working electrode) and
Cd l (later denoted Cd l ,hig h f r e quenc y ) is the capacitance of the anode. It was assumed
that for high frequencies, no or negligible faradaic reactions occur, hence the only
contributions to the imaginary impedance are inductance from the external leads and
double layer capacitance.
The inductance, L, was extracted from the raw data from EIS at 1.5 V at the highest
frequency (100000 Hz) according to Equation 3.13:
L100000H z =
ZIm ,100000H z
2π f
(3.13)
In Equation 3.13, f is the frequency and ZIm is the imaginary impedance. The induc-
tance was then used to calculate the capacitance using ZIm for each frequency step
according to Equation 3.14.
Cdl ,hig h f r e quenc y =
1 ·106
1.52 ·2π f (2π f L −ZIm ) (3.14)
Cd l f r e quenc y was then plotted vs. frequency and from the graph a horizontal capaci-
tance range was found in the high frequency region. This horizontal range was used
to determine Cd l ,hig h f r e quenc y . This method is described in [33, 34, 36].
All three equivalent circuits described above are more thoroughly described and ex-
plained in Appendix C.
3.3 Results and Discussion
3.3.1 Physical Parameters for the Test Anodes
Table 3.2 shows impurity levels in the graphite anode, 0 % isotropic coke anode (made
of 100 % traditional anisotropic coke) and 100 % isotropic coke anode. The impurity
levels were found by analysing using an X-ray ﬂuorescence spectrometer. From the
table it is evident that the ultrapure graphite is very low in all impurities, as expected.
The 0 % anode (i.e. 100 % anisotropic) is also fairly low in all impurities both metal
and sulfur. The 100 % anode is made from a high impurity coke, especially in terms of
sulfur, calcium, vanadium, nickel and to some extent, iron.
Table 3.3 shows physical parameters for the anodes, including density, speciﬁc electri-
cal resistivity, permeability, coefﬁcient of thermal expansion, air and CO2 reactivity
and dust index. The density is similar for the 7.2 %, 14.2 % and 100 % anodes. The 0 %
anode is slightly denser, while the 35.0 % and 49.0 % anodes are signiﬁcantly denser
than the rest of the pilot anode series. This indicates that with the coke aggregate
recipe used for these pilot anodes, there is a threshold between 14.2 % isotropic coke
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and 35.0 % isotropic coke where the packing between the isotropic and anisotropic
cokes become more optimum and hence denser anodes are produced. The speciﬁc
electrical resistivity generally reﬂects the density of the coke. A denser anode gives
lower speciﬁc electrical resistivity i.e. better conductivity. However, this does not
include the 0 % and the 100 % anodes, indicating that the coke quality also affects the
resistivity. The 100 % anode shows a signiﬁcantly lower speciﬁc electrical resistivity
compared with the density. This has been seen in other studies as well, when using
isotropic coke for pilot anode production [47]. The air permeability reﬂects the density,
except for the 100 % anode. This anode exceeded the limit for the air permeability
measuring equipment; hence, 6.9 nPm only reﬂects that the equipment reached the
maximum measurable level. A high air permeability has also been seen by Lossius et
al. [47]when producing an anode from 100 % isotropic coke. This indicates that the
100 % isotropic coke anode has a large array of open porosity, due to poor pitch wetting
between coke and pitch and/or due to the high density of isotropic coke grains and
difﬁculties in ﬁnding a dense optimum packing between coke grains. The coefﬁcient
of thermal expansion follows a near linear increase depending on the weight percent
isotropic coke present. This was also seen by Edwards et al. [4].
In Table 3.3 it is seen that CO2 reactivity generally decreases with isotropic coke present
compared with the anode purely made of anisotropic coke. This is due to the increased
sulfur content in anodes containing isotropic coke and sulfur is a known inhibitor for
CO2 reactivity [7]. The air reactivity increase with increasing isotropic coke content
from 7.2 % all through to 100 % isotropic coke content. It is reasonable to conclude that
this is due to the increasing amount metal impurities like vanadium [9, 10]. Graphite
shows a very low air and CO2 reactivity, and this can be attributed to the high amount
of basal planes compared with edge and defect sites and also the very low impurity
levels [21]. Edge and defect sites have been found to be more reactive than basal
planes [38]. The dust index is also observed to reduce drastically with introduction of
isotropic coke. Dust reduction is desirable in the electrolysis cell, as dust eventually
has to be removed from the electrolyte manually [48] and dust can increase the ohmic
resistance through the electrolyte as they act as insulators once the carbon particles
has detached from the anode [1].
The anodes produced for this work represent specialised, tailor-made anode aggre-
gates. They are produced in a pilot scale anode production line that has been tuned
to simulate full scale anode production. A fair level of agreement with actual anode
properties is expected, but there are deviations compared with typical industrial an-
Table 3.2: XRF elemental results for graphite and the baked 0 % and 100 % isotropic coke
anodes.
Anode Na Si P S Ca V Fe Ni Zn Pb
ppm ppm ppm % ppm ppm ppm ppm ppm ppm
Graphite 10 10 1 0.00 11 1 25 3 1 1
0 % 56 108 11 0.94 25 70 287 45 5 7
100 % 115 284 4 4.45 227 883 393 372 38 20
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Table 3.3: Physical parameters for the anodes. The tests were performed at Hydro Alu-
minium Årdalstangen. SER = Speciﬁc el. resistivity, Perm. = Permeability, CTE = Coef-
ﬁcient of thermal expansion and TC = Thermal conductivity, CO2, air reactivity and dust
index.
Anode Density SER Perm. CTE RCO2 RAi r Dust
index
g/cm3 μΩm nPm μm/mK mg/cm2h mg/cm2h mg/cm2
Graphite 1.771 12.7 0.20 N/A 2.5 0.3 0.4
0 % 1.603 55.2 0.8 4.14 19.0 39.0 15.3
7.2 % 1.597 58.3 1.1 4.19 11.9 21.5 4.8
14.2 % 1.595 59.4 1.5 4.48 11.4 25.2 4.4
35.0 % 1.651 51.9 0.9 5.07 14.4 30.9 2.2
49.0 % 1.674 50.7 0.6 5.44 18.1 37.2 2.1
100 % 1.596 50.5 6.9* 7.07 7.4 70.1 0.2
*This was the maximum measurable level of the equipment, indicating that the
measurement is out of range.
ode parameters (cf. Table 2.1 and [49]), especially for the 100 % anode with the high
porosity. Some of these deviations are due to a higher pitch content compared to the
ability of the isotropic coke to absorb pitch as well as the unusual coke aggregate used.
Also, it is fairly common that pilot scale anodes show a slightly lower density, a little
higher air permeability and electrical resistivity than industrial scale anodes [47].
3.3.2 Scanning Electron Microscopy, Energy Dispersive Spectroscopy, Confocal
Microscopy and Surface Roughness Investigations
The surface for the anodes with 0 %, 49.0 % and 100 % isotropic coke content were in-
vestigated using SEM and EDS for element distribution and using confocal microscopy
for surface roughness investigations. SEM was used to create a surface map of the
entire sample surface. Carbon, sulfur, iron, vanadium and silicon elemental maps
were obtained by EDS. The samples investigated were Ø = 10 mm and 2-4 anode
parallels were studied for each pilot anode. The surface map was stitched together
from over 400 individual images as the SEM screened the entire sample surface. The
same anodes, including the remaining pilot anodes (the 7.2 %, 14.2 % and 35.0 %
anodes) of the isotropic coke content series, were also investigated using confocal
microscopy to create contour images of the surfaces before and after electrolysis at
1.0 A/cm2 for 25 mins. The confocal microscope was used to measure true area over
projected area (TA/PA).
Figures 3.2-3.9 show a) confocal microscopy surface map, b) confocal microscopy con-
tour map before electrolysis, c) sulfur EDS map and d) confocal microscopy contour
map after electrolysis and after the electrolyte had been removed for the anodes with
0 %, 49.0 % and 100 % isotropic coke content. In the confocal microscopy contour
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images, the colour red denotes “hills in the landscape” and green denotes “valleys in
the landscape”. SEM/EDS investigations were compared with contour images from
confocal microscopy in order to evaluate the electrochemical consumption on a car-
bon surface with different coke grains containing various impurities, in particular the
high-sulfur grains.
Figures B.1-B.8 in Appendix B show surface maps and elemental analysis maps (C, S,
Fe, V and Si) of the anodes varying in isotropic coke content, 0 %, 49.0 % and 100 %,
respectively.
By investigating the EDS images in Figures 3.2-3.9 and Figures B.1-B.8 in Appendix
B, it is evident that sulfur is bound to carbon, and not to other metal impurities like
iron. This applies both for the isotropic and anisotropic coke particles. For the pure
anisotropic anode (the 0 % anode), the sulfur is distributed in single high sulfur coke
grains only, randomly distributed. For the isotropic coke it is evident that all isotropic
coke grains contain a certain amount of sulfur, evenly distributed throughout each
coke grain. It has been suggested in literature thatmost sulfur in coke occurs in organic
form in ﬁve or six ring carbon structures in the coke, derived from thiophene and
thiopyran [50, 51]. Vanadium also appears to be evenly distributed in the isotropic
coke grains as evident from Figures B.5 e) and B.6 e). In these images the isotropic
coke grains show different contrast compared to the anisotropic coke grains. However,
vanadium was not detected by EDS for the 0 % anode samples, and could not be
distinguished to a large extent for the 100 % anode. This implies that EDS is not able
to identify vanadium in ppm levels unless there is a contrast difference between two
phases. Iron and silicon are randomly distributed on the anode surfaces suggesting
that they are oxide impurities not bound to the carbon structure.
By inspection of the contour images before and after electrolysis in Figures 3.2, 3.3
and 3.5, the most pronounced difference in consumption on various coke particles
on the anode surface, is coke particles high in porosity. Particles high in porosity (so-
called “bubble coke”) are visible for all anodes containing anisotropic coke (Figures
3.2-3.7) and these coke particles are consumed at a slower rate than the matrix. This
is either due to a lower electrical conductivity through these grains and/or due to
poorer wetting between electrolyte and anode surface during electrolysis. The former
is considered more likely. It could not be determined, however, whether grains high in
sulfur are consumed at a higher or slower rate than the bulk coke.
For all the anode samples in Figures 3.2-3.9 an increased consumption can be seen
for the ﬁller between larger coke grains. Many scientists have found increased air
reactivity for pitch compared with coke, and many have also suggested that pitch is
more reactive than coke during electrolysis [12, 13, 32, 34]. Thonstad [37] found by
EIS that the double layer capacitance increased by 45 % after electrolysis compared
with an unpolarised fresh sample. He suggested that the pitch had been preferably
consumed. The contour images before and after electrolysis support these earlier
ﬁndings.
For the 49.0 % anode samples (Figure 3.6-3.7) any signiﬁcant differences in consump-
tion between isotropic and anisotropic coke grains is not observed. This is supported
by CT images in Figures 3.13-3.16.
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For Figures 3.8 and 3.9, an array of large pores is visible. This is also seen in cross-
section tomographs (Figure 3.17). This array of large pores, creating a signiﬁcant
amount of open porosity can explain the high value for air permeability for the 100
% anode as seen in Table 3.3. These pores are most likely due to an inappropriate
amount of pitch to the amount of coke used, and/or poor wetting between coke and
pitch, and/or non optimum packing of the coke particles. The coke is, as already
mentioned, highly isotropic. Isotropic cokes are known for having a low amount of
open porosity and hence little pitch penetrates into the coke grains. This also implies
that less pitch is needed when producing pure isotropic coke anodes compared with
anisotropic coke anodes [47]. An inappropriate mixing temperature used when mixing
the coke and the pitch is also reasonable to suspect. Sessile drop tests of the wettability
between the cokes used (the anisotropic sponge coke and the isotropic coke) and the
pitch was not performed before production and the same mixing temperature was
used for the entire anode pilot line. The coke aggregate sizing and packing for the
100 % anode also looks non-optimum. Problems with producing anodes of purely
isotropic cokes has also been discussed elsewhere and the conclusion is that making
anodes from isotropic coke only, is not realistic [47].
Figure 3.10 shows TA/PA for the entire series of anodes varying in isotropic coke con-
tent. Square points show TA/PA for anode surfaces before electrolysis and circle points
show TA/PA after electrolysis and removal of electrolyte. TA/PA reﬂects the geometric
surface roughness of the anodes. Figure 3.11 shows the average ratio between the area
increases of the anode surface after electrolysis compared with the polished anode
surface before electrolysis. An increase of 30-50 % in surface area is observed for the
electrolysed sample compared with the fresh, ground anode sample. This is in good
agreement with the EIS measurements performed by Thonstad, where he observed an
increase in surface area of 45 % [37]. TA/PA and the increase in surface roughness after
electrolysis are higher for both the 0 % and 100 % anodes compared with the blended
anodes. This is most likely due to the high amount of “bubble coke” in the 0 % anode
samples and the high amount of large open porosity in the 100 % anode samples.
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(a) (b)
(c) (d)
Figure 3.2: Anode made of 100 % traditional anisotropic coke (0 % isotropic coke), sample
1. a) Confocal microscopy surface map before electrolysis, b) Confocal microscopy con-
tour image of the surface before electrolysis, c) Sulfur map obtained by SEM/EDS, and d)
Contour image of the surface after electrolysis.
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(a) (b)
(c) (d)
Figure 3.3: Anode made of 100 % traditional anisotropic coke (0 % isotropic coke), sample
2. a) Confocal microscopy surface map before electrolysis, b) Confocal microscopy con-
tour image of the surface before electrolysis, c) Sulfur map obtained by SEM/EDS, and d)
Contour image of the surface after electrolysis.
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(a) (b)
(c) (d)
Figure 3.4: Anode made of 100 % traditional anisotropic coke (0 % isotropic coke), sample
3. a) Confocal microscopy surface map before electrolysis, b) Confocal microscopy con-
tour image of the surface before electrolysis, c) Sulfur map obtained by SEM/EDS, and d)
Contour image of the surface after electrolysis.
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(a) (b)
(c) (d)
Figure 3.5: Anode made of 100 % traditional anisotropic coke (0 % isotropic coke), sample
4. a) Confocal microscopy surface map before electrolysis, b) Confocal microscopy con-
tour image of the surface before electrolysis, c) Sulfur map obtained by SEM/EDS, and d)
Contour image of the surface after electrolysis.
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(a) (b)
(c) (d)
Figure 3.6: Anode made of 49.0 % isotropic coke, sample 1. a) Confocal microscopy sur-
face map before electrolysis, b) Confocal microscopy contour image of the surface before
electrolysis, c) SulfurmapobtainedbySEM/EDS, andd)Contour imageof the surface after
electrolysis.
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(a) (b)
(c) (d)
Figure 3.7: Anode made of 49.0 % isotropic coke, sample 2. a) Confocal microscopy sur-
face map before electrolysis, b) Confocal microscopy contour image of the surface before
electrolysis, c) SulfurmapobtainedbySEM/EDS, andd)Contour imageof the surface after
electrolysis.
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(a) (b)
(c) (d)
Figure 3.8: Anode made of 100 % isotropic coke, sample 1. a) Confocal microscopy surface
map before electrolysis, b) Confocal microscopy contour image of the surface before elec-
trolysis, c) Sulfur map obtained by SEM/EDS, and d) Contour image of the surface after
electrolysis.
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(a) (b)
(c) (d)
Figure 3.9: Anode made of 100 % isotropic coke, sample 2. a) Confocal microscopy surface
map before electrolysis, b) Confocal microscopy contour image of the surface before elec-
trolysis, c) Sulfur map obtained by SEM/EDS, and d) Contour image of the surface after
electrolysis.
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Figure 3.10: Ratio of true area over projected area obtained by using confocal microscopy
on freshly cut samples ground with SiC paper down to P#4000 (squares) and electrolysed
samples (circles) at 1.0 A/cm2 for 25 mins.
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Figure 3.11: Average area increase between non electrolysed and electrolysed sample ob-
tained by TA/PA measurements using confocal microscopy. Average results are given with
one standard deviation.
35
3.3.3 X-Ray Computed Tomography
Figures 3.12-3.17 show CT images of cross-sections of all the test anodes. Two parallels
of each anode is shown, before and after electrolysis at 1.0 A/cm2 for 30 mins. One
cross-section per anode sample is shown in the following to show some interesting
features of the consumption of the anode surfaces after electrolysis. “Hot-pulling” of
the anodes was done in order to avoid electrolyte penetration into pores after electrol-
ysis was ended, and to create after electrolysis images that recreate the conditions at
the anode/electrolyte interface during electrolysis. It is obvious that little electrolyte
penetrates the pores of the anodes. Pores have to be concave for the electrolyte to wet
the pore wall. This is for instance seen to the left in Figure 3.17 b). For comparison,
the large, but more narrow pore to the upper right in Figure 3.17 a) was not penetrated
by electrolyte. Several of the same features can be seen here as already discussed for
the confocal microscopy images in Figures 3.2-3.9: “bubble” coke sticking out of the
matrix coke and pitch after electrolysis for anodes containing anisotropic coke and
the 100 % anode having a large amount of open porosity. For the blended anodes
(7.2 %-49.0 %), a contrast difference is observed between isotropic and anisotropic
coke particles. This is due to the difference in density between the coke particles;
isotropic coke being denser than anisotropic coke.
Figures 3.15 and 3.16 show tomographs of cross-sections inside the 35.0 % and 49.0 %
isotropic coke anodes. These images show signiﬁcant cracking inside the anodes
surrounding the isotropic coke particles, especially for the 49.0 % anode. This is due
to the difference in coefﬁcient of thermal expansion between the anisotropic and
isotropic coke particles as indicated in Table 3.3, where a near linear increase in CTE
is seen when isotropic coke is introduced into the anodes. In Figure 3.14 cracking
around the isotropic coke grains is not visible. This suggests that there is a threshold
of isotropic to anisotropic coke content in order for the anodes to sustain a strong
structure without cracks. This threshold is somewhere between 14.2 % and 35.0 %
isotropic coke. This is also in accordance with Edwards et al. [2], where a suggested
threshold for isotropic coke in blends with more traditional anisotropic coke is set to
20 %. However, cracking problems in potrooms can be signiﬁcantly reduced when
increasing the coke grain to ﬁnes ratio [52]. This suggests that the exact threshold for
isotropic cokes to anisotropic coke blends should be investigated further in terms of
optimisation of the coke aggregate recipe.
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(a)
(b)
Figure 3.12: CT images of an interior cross-section of anodes before and after electrolysis.
a) and b) show the anode made of 100 % anisotropic coke, parallels 1 and 2, respectively.
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(a)
(b)
Figure 3.13: CT images of an interior cross-section of anodes before and after electrolysis.
a) and b) show the anode made of 7.2 % isotropic coke, parallels 1 and 2, respectively.
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(a)
(b)
Figure 3.14: CT images of an interior cross-section of anodes before and after electrolysis.
a) and b) show the anode made of 14.2 % isotropic coke, parallels 1 and 2, respectively.
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(a)
(b)
Figure 3.15: CT images of an interior cross-section of anodes before and after electrolysis.
a) and b) show the anode made of 35.0 % isotropic coke, parallels 1 and 2, respectively.
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(a)
(b)
Figure 3.16: CT images of an interior cross-section of anodes before and after electrolysis.
a) and b) show the anode made of 49.0 % isotropic coke, parallels 1 and 2, respectively.
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(a)
(b)
Figure 3.17: CT images of an interior cross-section of anodes before and after electrolysis.
a) and b) show the anode made of 100 % isotropic coke, parallels 1 and 2, respectively.
42
3.3.4 Texture Analysis using Optical Microscopy
The mosaic index and ﬁber index relate to the ﬁneness and alignment of optical
domains, respectively, meaning that ﬁber index is a measure of the anisotropy and
mosaic index is a measure of the ﬁneness of the coke structure [43]. Figure 3.18 shows
mosaic index and ﬁber index of the anodes varying in isotropic coke content. The
ﬁber index is seen to decrease with increasing isotropic coke content in the anodes,
while the mosaic index increases with increasing isotropic coke content. Generally, a
high mosaic index correlates to a low ﬁber index.
Figure 3.19 shows examples of optical microscopy images that were used to extract the
ﬁber andmosaic indexes. From theopticalmicroscopy images amoredisordered struc-
ture with more optical activity is seen in areas with anisotropic coke (Figure 3.19 a)). A
ﬁner, more ordered structure is visible for the isotropic coke grains (Figure 3.19 c)).
The isotropic coke grains are optically inactive, meaning that no clear features are
visible due to the ﬁne-grained microtexture. This is also observed in [53, 54]. For the
blended anode (Figure 3.19 b)), a clear contrast can be seen between isotropic coke
grains an anisotropic coke grains due to the difference in microstructure.
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Figure 3.18: Mosaic index and ﬁber index of the anodes obtained by optical microscopy
under polarised light. Measurements were performed on two parallels.
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(a) (b) (c)
Figure 3.19: Optical microscopy images under polarised light of pilot anodes with a) 0 %,
b) 35.0 % and c) 100 % isotropic coke content. The anode samples were mounted in epoxy
and polished down to 1 μm.
3.3.5 Electrochemical Measurements
Figure 3.20 shows IR corrected polarisation curves of graphite and anodes with 0 wt%,
14.2 wt% and 100 wt% isotropic coke content. The polarisation curve was obtained
by very slow cyclic voltammetry (0.1 V/s). Graphite is seen to have a higher potential
corresponding to current densitywhen comparingwith anodesmade fromanisotropic
and isotropic coke. This is in accordance with [18, 21, 27] and in accordance with the
results obtained with chronopotentiometry in Figure 3.21.
Figure 3.21 shows overpotential reduction at 0.6 A/cm2, 0.8 A/cm2 and 1.0 A/cm2
quoted relative to graphite. Two parallel samples of the entire anode series, including
graphite, were run in each duplicate run except the ﬁrst run, where the anodes with
35.0 wt% and 49.0 wt% isotropic coke content were excluded. In the ﬁgure average
results frompolarisation curves (slowsweepcyclic voltammetry at 0.1V/s) at 0.6A/cm2,
0.8 A/cm2 and 1.0 A/cm2 with one standard deviation (n=4-6 from 3 duplicate runs)
alongwith average values of chronopotentiometry resultswhere 1.0 A/cm2 was applied
along with error bars for one standard deviation (n=6-8 from 4 duplicate runs). From
Figure 3.21 it can be seen that the overpotential values are fairly similar for the 0 %
and 7.2 % anode. For the 14.2 %, 35.0 %, 49.0 % anodes and to a certain extent the
100 % anode, lower reaction overpotential, η′r , was found for increasing isotropic coke
content. Compared to the 0 % anode a reduction in overpotential of 15-20 mV is seen
for anodes blended with ≥14.2 % isotropic coke. A decrease in overpotential when
making anodes from isotropic coke has also been reported elsewhere [18, 21, 23, 27].
The decrease in overpotential may be attributed to the increased amount of metal
impurities in isotropic coke (cf. Table 3.2 and the increased amount of edge sites found
for isotropic coke in [21]. Increased amounts of certain metal oxides (e.g. Fe, Mg, Ca,
Li, Na) [13] and edge sites will give a higher concentration of active sites on the reacting
anode surface.
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Figure 3.20: IR corrected polarisation curves of graphite and anodes with 0 wt%, 14.2 wt%
and100wt% isotropic coke content. The second forward scanof three consecutive forward
and backward scans is shown for each anode.
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Figure3.21: Anodeoverpotential reductionat0.6A/cm2, 0.8A/cm2 and1.0A/cm2 recorded
bypolarisationcurves and1.0A/cm2 recordedbychronopotentiometry for anodes varying
in isotropic coke content quoted relative to graphite. To the right, average overpotential
reduction with error bars obtained at 1.0 A/cm2 by chronopotentiometry and polarisation
curves. The error bars show one standard deviation where n=4-8 from 3-4 duplicate runs.
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Nyquist plots with impedance raw data and modelled data with equivalent electrical
circuits LR(CR) and LR(Q(R(LR))) are shown for the anodes in Figures 3.22 and 3.23.
The two ﬁgures show impedance data for one parallel for two consecutive duplicate
runs with new electrolytes and reference electrodes. In total two parallel anodes were
investigated per duplicate runs. The impedance data was recorded at 1.5 V non-IR
corrected. From Figures 3.22 and 3.23 an inductive loop at the lower frequencies can
be seen. This is attributed to the charge transfer reaction as described in e.g. Equations
3.6 and 3.8. The vertical part of the curve at high frequencies was used to extract the
double layer capacitance from the LRC-circuit as described earlier. In this frequency
range it is assumed that no Faradaic reactions take place. Since these experiments
were run in an electrolyte saturated in Al2O3 it is also assumed that diffusion processes
as described in Equation 3.5 are negligible and that the diffusion double layer is small.
Hence, it is assumed that the reaction is charge transfer controlled. The reason why
the polarization resistance is so different between run 1 and run 2 is due to a difference
in current density as can be seen in Tables D.5-D.6 in Appendix D. The current density
difference affects the resistance to charge transfer, RCT , obtained by modelling of the
LR(Q(R(LR))) circuit. The difference in current density is due to slight variations in the
in-house produced reference electrodes between runs.
Figure 3.24 shows average double layer capacitance, Cd l (n = 3), and effective capac-
itance, Ce f f (n = 4), for all parallel anodes for the two duplicate runs. For the ﬁrst
parallel anodes, second duplicate run, the Cd l parameters was considered anomaly,
due to poor curve ﬁt, explaining why n = 3 for Cd l . The effective capacitance was
calculated using Equation 3.12 and parameters given in Appendix D. The high fre-
quency Cd l was calculated using the LRC circuit at high frequencies. The values for the
capacitances are within the ranges reported previously by Thonstad [34], yet slightly
lower than that reported elsewhere [19, 32, 33, 35]. The capacitance values for graphite
are also slightly lower than that reported previously. This is most likely due to inhomo-
geneity in the materials used. Ce f f and Cd l , LRC are very similar to each other, and they
are considered more reliable. The LR(CR) model gives poorer curve ﬁt to the obtained
experimental results, and this is reﬂected in an overestimation of the capacitances
reported. The capacitances are similar for the 0 %-35.0 % anodes within the standard
deviations given. However, from Figure 3.24 it is evident that both the 49.0 % and
100 % anodes show a higher capacitance than the remaining pilot anode series. The
capacitance values were then corrected for real surface area obtained by confocal mi-
croscopy (cf. Figure 3.10) in order to verify that the capacitance difference seen for the
49.0 % and 100 % anodes are not merely due to real area differences after electrolysis.
Figure 3.25 shows capacitance over true area/projected area vs. isotropic coke content
after electrolysis. An increase in capacitance is still seen after correction for the ratio
of true area over projected area. This implies that the capacitance increase seen for
the 49.0 % and 100 % anodes, but also to a certain extent the 35.0 % anode, are due to
a difference in surface wetting properties of these anodes towards the electrolyte. At
49.0 % isotropic coke, the effect of isotropic coke on the electrochemical reactivity is
more pronounced. The isotropic coke used in this study is more reactive and better
wetted by the electrolyte compared with the anisotropic coke. This was also found in
[21, 23, 36].
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Figure 3.22: Raw data from EIS at 1.5 V (non-IR corrected), LR(CR) and LR(Q(R(LR))) mod-
elled circuits for the corresponding raw data for anodes varying in isotropic coke content,
run 1, parallel 1.
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Figure 3.23: Raw data from EIS at 1.5 V (non-IR corrected), LR(CR) and LR(Q(R(LR))) mod-
elled circuits for the corresponding raw data for anodes varying in isotropic coke content,
run 2, parallel 1.
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Figure 3.24: Average double layer capacitance extracted from LR(CR), average calculated
effective capacitance from LR(Q(R(LR))) and average double layer capacitance from the
LRC circuit at high frequencies, along with one standard deviation. The impedance data
was recorded at 1.5 V w.r.t. Al reference, non-IR corrected.
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Figure 3.25: Capacitance modelled in three different ways (Cd l , LR (CR ), Ce f f , LR (Q (R (LR )))
and Cd l ,hig h f r e quenc y over true area/projected area after electrolysis from confocal mi-
croscopy vs. isotropic coke content.
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3.4 Conclusion
The effect of various blending ratios of isotropic coke to anisotropic coke in carbon
anodes have been investigated both by imaging and electrochemical techniques. By
imaging techniques like CT, cracking around isotropic coke grains could be observed
for blended anodes containing ≥35.0 % isotropic coke. Sulfur was found by EDS to be
distributed in carbon rich coke grains, and not as metal sulphides. For isotropic coke,
sulfur was visible throughout all coke grains.
A gradual decrease in reaction overpotential was observed as isotropic coke was in-
troduced into the anodes. Capacitance measurements also showed an increased
electrochemical reactivity and increased electrochemically wetted surface area to-
wards the electrolyte for anodes containing ≥49.0 % isotropic coke. It is reasonable
to believe that metal oxides and increased amount of edge sites for isotropic coke is
affecting the electrochemical performance of the anodes.
Confocal microscopy images taken before and after electrolysis showed that pitch is
the more reactive phase in anodes, and are faster consumed than coke particles. Both
confocal microscopy and X-ray computed tomography (CT) have been used to show
that isotropic and anisotropic coke particles are consumed at approximately the same
rate. CT images also showed that even large pores are not penetrated by the electrolyte
after electrolysis.
This work shows that using isotropic coke in carbon anodes for the aluminium indus-
try works well and can even be beneﬁcial in terms of electrochemical performance.
However, there is a threshold to the maximum amount of isotropic coke that can be
used in anodes. This threshold is due to the cracks that will occur due to the difference
in coefﬁcient of thermal expansion between isotropic and anisotropic coke. This work
has shown that the threshold is somewhere between 14.2 % and 35.0 % isotropic coke.
The aluminium industry also has to take the increased amount of metal impurities
that follow the isotropic coke, into account when blending this coke in anodes. These
metal impurities report to the metal and have to either be removed or tolerated within
the speciﬁcations of the metal. Increased sulfur content will also affect the amount of
SO2 produced in the smelters and without sufﬁcient wet scrubbing, it will be difﬁcult
to meet authority regulations for maximum release of SO2 to the atmosphere.
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4 Anodic Bubble Behaviour and Wetting Properties
of the Anode:Electrolyte Interface in Aluminium
Electrolysis Cells
Abstract
A pilot carbon anode line was made with various blending ratios of isotropic to
anisotropic coke. These anodes were then studied in terms of the anode voltage
oscillation related to bubble formation and release, and the wettability interaction be-
tween anode and electrolyte. It was found that the voltage noise caused by gas bubbles
was strongly reduced with a moderate addition of isotropic coke (7.2 wt%). For anodes
with blending ratios of isotropic to anisotropic coke of 7.2 %-49.0 %, the potential
oscillation amplitude was reduced by∼0.19 V, compared to an anode made from 100 %
anisotropic coke. The regular voltage oscillations observed for a pure anisotropic coke
and graphite were less pronounced for the anodes containing isotropic coke, with the
pattern becoming less sawtooth-like. In general, the percentage of the anode screened
by gas bubbles was also reduced as isotropic coke was added to the anodes. Increased
wettability between the electrolyte and the anodes containing isotropic coke, com-
pared with the pure anisotropic coke anode, can go some way towards explaining the
lower potential oscillation amplitude and the decreased bubble screening observed.
4.1 Introduction
When producing aluminium, aluminium oxide, Al2O3, is dissolved in the electrolyte to
form oxyﬂuoroaluminate ions. These are oxidised electrochemically on the carbon
anode surface to produce CO2, and to some extent, CO gas [1, 2]. Carbon anodes are
made from calcined petroleum coke, usually a blend of different cokes, and a coal
tar pitch binder. Thermodynamically, the production of CO gas at the anode is more
favourable, although kinetically, CO2 gas production is more favourable. Aluminium
is formed on the cathode.
Aluminium production is an energy intensive process, and the energy demand is about
13 kWh/kg Al. The speciﬁc electric energy consumption is related to both the total
cell voltage and the current efﬁciency of the cell (i.e. the actual amount of produced
aluminium per theoretical amount of aluminium as given by the current applied)
[3]. The aluminium industry has worked continuously towards reducing the energy
consumption in aluminiumproduction. Since current efﬁciency has been signiﬁcantly
improved during the last decades, reducing the cell voltage is where possible energy
savings can be made today. The total cell voltage of an aluminium electrolysis cell is
typically around 4.1-4.2 V, and consists of three main contributions [4, 5]:
1. The decomposition voltage, or reversible potential, deriving from the standard
Gibbs energy for the total reaction.
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2. Voltages induced from the polarisation of both the anode and cathode interfaces
(concentration overpotentials on anode and cathode as well as anode reaction
overpotential).
3. Ohmic voltage drops throughout the entire cell including the ohmic voltage drop
through the electrolyte, anode and cathode, the voltage drop through external
leads and connectors, as well as the additional ohmic voltage drop related to
anodic gas bubble evolution.
The overpotential related to the anode surface makes a signiﬁcant contribution to the
overall voltage loss [6]. The various contributions that make up the measured anode
voltage are provided in Equation 4.1, see also [3, 7–9].
Eanod e ,mea sur e d = E
re v +ηc +η
′
r +ηh + I (R
′
s +δRs ) (4.1)
Here, Er e v is the reversible potential for the CO2 forming reaction, and ηc is the con-
centration overpotential caused by concentration gradients of Al2O3 in the electrolyte
close to the anode. The concentration overpotential is usually small, except at low con-
centrations of Al2O3. η
′
r is the anode reaction overpotential with no bubbles screening
the anode surface and ηh is the additional reaction overpotential due to the reduced
effective surface area when bubbles are screening the anode, also known as hyperpo-
larisation [10]. The total reaction overpotential can be considered as ηr=η′r+ηh and
this is related to charge transfer reactions where intermediate adsorption/desorption
processes takes place on the electrode surface. The last term of Equation 4.1 is re-
lated to the increase in ohmic resistance due to bubbles blocking the anode surface:
R’s gives the ohmic series resistance with no bubbles screening the surface and δRs
denotes the increase in ohmic series resistance due to partial anode blockage.
The total anodic overpotential is typically in the range of 0.4-0.7 V. It is generally agreed
that the concentration overpotential is negligible in a saturated melt, but also generally
small even in industrial cells (estimated to∼0.02 V). The anodic reaction overpotential
is ∼0.5 V and the extra ohmic resistance caused by bubbles is ∼0.2 V [1]. Typically
graphite has been determined to have higher overvoltage than baked carbon anodes
in laboratory studies [3], and recent work has given strong indications that single
source anodes fabricated from isotropic cokes are slightly more electrochemically
active than anodes fabricated from anisotropic cokes [7, 9, 11], as shown in Chapter 3
in the present thesis. Leistra and Sides showed that hyperpolarisation is measurable
on baked carbon anodes by using a rotating disk, and quantiﬁed it to be approximately
15 mV at 1 A/cm2 [10]. As bubble generation is a fairly large contribution to the cell
voltage, reducing this parameter also means reducing the total energy consumption
in Hall-Héroult cells [6].
4.1.1 Gas Bubbles in Industrial Cells
In industrial cells, the carbon anodes face downwards into the electrolyte. Thus, gas
bubbles that grow on the anode surface are pressed upwards due to buoyancy and
will remain there until the drag force induced by the velocity of the electrolyte exceeds
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the interfacial tension between the gas bubble and the anode [12, 13]. The velocity of
the electrolyte is governed by movement caused by the formation of gas bubbles [14],
but in industrial electrolysis cells, electrolytic motion induced by the strong current
and magnetic ﬁelds (magnetohydrodynamics) also has to be accounted for, although
the effect of magnetohydrodynamics has been shown to be of one order of magnitude
lower than the gas bubble induced velocity [15, 16]. A slight tilt of the anode of as low
as 1◦ increases the bubble velocity substantially and remarkably changes the premises
for bubble coverage on the anode surface [13, 14, 17]. Increased electrochemical
consumption of the anode near the edges of the anode (the edge effect) can also create
naturally tilted anode surfaces on industrial anodes [18].
Bubble build-up under the anode causes an increased ohmic resistance through the
cell as well as increased hyperpolarisation on the anode. This extra resistance and
hyperpolarisation causes increased cell voltage as well as increased voltage noise
in the cell. Due to the highly corrosive environment of the cryolitic melts, bubble
behaviour has been investigated in laboratory experiments in numerous ways. This
includes use of water models e.g. [14, 19–23], indirect study using chronoamperometry
and/or chronopotentiometry mainly in labscale cells and/or using transparent cells
in cryolite based melts e.g. [8, 17, 21, 23–27]. Some industrial experiments have also
been performed to investigate bubble behaviour e.g. [28–30]. Computer modelling by,
for instance, computational ﬂuid dynamics (CFD) is also a powerful tool to describe
the bubble behaviour inside an electrolysis cell. Work in this ﬁeld has been performed
by e.g. [15, 16, 18, 20, 30, 31], and is further described in the sections below.
4.1.2 Bubble Formation Mechanisms
According to the classical theory, for nucleation of gas bubbles to proceed in a bulk
liquid, the solution has to be supersaturated with gas [32]. According to Einarsrud
[30], the most relevant bubble nucleation model for carbon anodes in cryolite melts
is the Type IV model by Jones, Evans and Galvin [32]. According to this theory, there
are no energy barriers related to formation of gas bubbles on nucleation sites. The
substrate (anode) has cavities (pores), and bubbles will preferably nucleate at these
imperfections on the surface. The pores will constantly be ﬁlled, and further gas
production will happen in pre-existing gas cavities. The process is mass transfer
driven and related to the concentration difference of dissolved CO2 between the bulk
and the bubble surface. When the bubble reaches a critical radius in a given pore, the
growth of the bubble at the nucleation site is terminated. The bubble will then detach
and start moving along the anode surface. Further growth of the gas bubbles occurs
by coalescence, and this process is likely the main mechanism for bubble growth [33,
34]. In laboratory scale experiments with transparent cells [24, 25] the time interval
between bubble release from the anode surface to generation of new bubbles was
found to be very short. This indicates that little supersaturation is needed in order to
initiate bubble nucleation, supporting that the process is mass transfer driven. Pores
are ﬁlledwith gas from the anode reaction and this iswherenewbubbles arenucleating.
Pores on the anode surface are hence important as nucleation sites for gas bubbles.
Einarsrud [30] modelled the effect of the pore size at a constant pore density, and
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found that smaller pores give a higher release frequency and higher voltage oscillation
amplitude than larger pores. More bubbles are formed, more gas volume is produced
and hence, screening of bubbles on the anode surface is higher and a higher overall
voltage oscillation amplitude is seen.
Using CFD modelling, the behaviour of gas bubble build-up and release has been
calculated and compared with experimental results. By careful tuning of the physical
parameters, modelling is a powerful tool to explain and conﬁrm trends seen during
laboratory investigations. The importance of parameters like bubble growth, bubble
coalescence, wetting of the electrolyte:anode interface as well as wetting behaviour of
electrolyte:gas:anode interfaces, current density, inclination of anode, porosity of the
anode, bath chemistry, electrical conductivity, magnetic ﬁeld motion, viscosity and
surface tension have been investigated in works like [15, 16, 18, 30, 31, 35]. Modelling
shows the complexity and sensitivity of the bubble behaviour in aHall-Héroult cell. For
instance, Einarsrud et al. [31] showed the importance of surface tension and wetting
behaviour in terms of contact angle in order to fully reﬂect laboratory ﬁndings. Current
density has also been shown to affect the bubble build-up and release. Increasing
current density was shown to increase the bubble frequency and the voltage amplitude
[8, 24, 36], which was conﬁrmed by models [31].
4.1.3 Effect on Cell Voltage
The contribution to cell voltage from gas bubbles produced at the anode surface is
increasingly important as aluminium producers attempt to decrease the total energy
consumption of the electrolysis process [6]. The CO2 gas bubbles form a local electri-
cally insulating layer, owing to the negligible electrical conductivity of the bubbles,
hindering current to ﬂow to the anode surface from the electrolyte [14] and hence
increasing current density locally in uncovered anode areas. This increased local
current density also leads to hyperpolarisation as described above [10].
Most works on bubble formation, e.g. [8, 15, 17, 24, 25, 30, 31, 36–38], reports a quasi-
periodical dynamic pattern of voltage oscillations, related to the additional voltage
induced by the gas bubbles. The lowest potential during the voltage oscillations are
attributed to an anode surface free of bubbles. Kiss and Ponscák [33] found through
mathematical modelling that the voltage oscillations are mainly governed by coales-
cence, and that the nucleation stage is completely overshadowed by coalescence. The
size of the anodes will also affect the voltage oscillations. Larger anodes give higher
amplitudes and lower characteristic frequency. This is attributed to the increased
length the bubbles have to travel, giving the bubbles more time to coalesce. Einarsrud
and Sandnes [39] observed bubbles evolving from an industrial sized anode in a real
Hall-Héroult cell, and their ﬁndings suggest that several large bubbles are escaping
the anodes producing a more noisy voltage response, as opposed to laboratory exper-
iments where the voltage oscillations can be attributed to one single bubble. Qian,
Chen and Chen [21] found that the resistivity related to bubbles formed by electrolysis
at a given current density in a cryolite based melt was about 20 % higher compared
to the corresponding resistivity in a water model system. They concluded that water
model systems cannot be directly compared to electrochemically formed bubbles [21].
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However, they did not report important information such as the cryolite electrolyte
composition or parameters like the viscosity or surface tension of the two baths used,
making it difﬁcult to determine the reasons for their ﬁndings. Hyde and Welch [40]
used a lead chloride/sodium chloride melt with ceramic beads as “gas bubbles” and
they found that the increased ohmic resistance is primarily dependent on bubble vol-
ume, not on bubble shape. However, this is probably only correct for a limited range in
anode cathode distance. Dorin and Frazer in a laboratory experiment using a cryolite
based melt and graphite anode [36] found that the overall voltage amplitude increased
with increasing current density, which was explained in terms of the increased rate
of gas generation, and that inclination of the anode reduced the screening by the
bubbles.
4.1.4 Laboratory Experiments Related to Bubble Formation
Fortin et al. [14] used a full scale water model for investigations of the bubble build-
up and release. They suggested a bubble build-up regime where small bubbles are
formed at nucleation sites, spherical growth takes place, followed by lateral spread,
mutual impingement and coalescence into a single gas sheet with a so-called head
and a tail. The gas sheet is ﬁnally released rapidly at the edge of the anode. The
authors suggest that gas bubble release is a hydrodynamic phenomenon, where large
gas bubbles induce a velocity in the electrolyte that helps move gas bubbles along
the anode surface, coalescing and enabling gas release. The velocity of larger gas
bubbles along an anode surface in the water model experiment was determined to
be 0.3 m/s [14, 20]. The suggested bubble build-up regime described by Fortin et al.
was conﬁrmed by the works of Xue and Øye [24] and Zhao et al. [25]who both used a
transparent quartz cell and a video camera to visualise real time bubble behaviour
under an anode during a laboratory scale electrolysis experiment in a cryolite melt.
Aaberg et al. [17]measured gas bubble parameters by measuring the volume change of
the electrolyte during bubble oscillations, their ﬁndings also support the water model
of Fortin et al. [14].
The experiments conducted in the transparent laboratory cell by Xue and Øye [24],
with a cryolite melt, showed that even small bubbles attached to the anode surface
are subject to oscillations. However, these oscillations were not large enough to cause
signiﬁcant movement along the anode surface. The observed oscillation motion is
suggested to be caused by a combination of the force of buoyancy, reaction force due to
impingement surface tension, bath ﬂow and turbulence. Larger bubbles detach from
the anode and move across the anode surface, coalesce with neighbouring bubbles
and ﬁnally reach the edge of the anode where they are released [15]. Cassayre et al.
[23, 27] observed in a transparent cell, that at low current density, bubbles nucleate on
speciﬁc nucleation sites. With increasing current density, the amount of nucleation
sites increases. They also found that the average bubble diameter before release was
not affected by Al2O3 content.
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4.1.5 Size and Screening of Bubbles
A bubble layer thickness of about 4-6 mm is reported from transparent laboratory
cells where the bubble build-up and release was investigated [23–25]. Dewing [41]
reports a bubble thickness of 5 mm. Aaberg et al. [17] calculates the bubble thickness
to be 5 mm, based on a method where the change in volume of electrolyte during
bubble build-up and release is determined coupled with the monitoring of voltage
ﬂuctuations. Dorin and Frazer [36] also report a bubble layer thickness of 5 mm in a
laboratory cell when investigating the effect of the ACD on the ohmic voltage drop
through the electrolyte, while Kasherman and Skyllas-Kazacos [42] found a bubble
layer thickness of 1 cm in a similar laboratory experiment. In industrial cells a bubble
layer thickness of 1 cm was found based on electrolyte resistance measurements when
varying the ACD [43]. Haupin [29] found that the measured voltage response became
“noisy” at a distance of 2 cm under an anode in a 10 kA cell when using a dedicated
reference scanning probe. This noisy voltage response was attributed to gas bubble
noise. CFD modelling suggest that the ﬂow patterns under the anode is not affected
by changes in ACD between 2-4 cm, suggesting that the bubble layer thickness is less
than 2 cm [16].
The bubble layer coverage of the anode surface in laboratory scale experiments was
determined to be on average 45 % by Aaberg et al. [17], 50 % anode coverage is sug-
gested by Dewing [41]while Zhao et al. [25] reported bubble coverage in the range of
50-90 %. However, Zhao et al. showed that the surface coverage of bubbles and the
corresponding voltage oscillations is reduced drastically when slots are introduced at
current densities lower than 1.3 A/cm2. At 1.3 A/cm2, the estimated anode coverage
with and without slots reach similar values. At increasing current densities the bubble
coverage was observed to decrease, probably due to increased velocity of the elec-
trolyte, facilitating movement of bubbles across the anode surface. Increasing current
density has been found to give increasing bubble screening and the same was found
for decreasing Al2O3 content [44]. Thorne et al. [8] showed that the screening of the
anode surface was highly dependent on the anode material, with graphite showing
the highest values, anodes made from anisotropic coke show intermediate values
and anodes made from isotropic cokes show the lowest bubble coverage. The bubble
coverage in this work ranged from 10 % to 75 %.
4.1.6 Role of Pores
One possible transport route for gas bubbles from the anode surface is through pores
in the anode [1, 30, 33]. The observation that pores are not ﬁlled with electrolyte as
long as current is applied [45], supports the suggested transport route of gas ﬁlling
pores. The degree of open porosity and air permeability will affect the rate of transport
through pores. It has been shown for Söderberg anodes that the bubble noise on the
anode surface is affected by the height of the electrolyte surrounding the anode [46,
47]. A higher bath height around the anode was shown to lower the bubble noise, but
also increase the frequency of anode problems, such as pieces of the anode breaking
off and falling into the bath. It was concluded that more CO2 gas was transported
through the anode rather than sliding along the anode surface when the bath height
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was increased. Söderberg anodes are known to have higher porosity and higher air
permeability than prebake anodes due to the excess amount of pitch used (about
13-15 % in prebake anodes compared to about 25 %-35 % in Söderberg anodes [48]).
4.1.7 Wetting between Anode and Electrolyte
Wetting properties can affect important parameters like bubble size, screening of the
anode surface and hence, the additional ohmic resistance, as well as the hyperpolari-
sation, due to the gas bubble layer. The Young’s equation relates surface tension (σ)
between liquid-gas (lg), surface-liquid (sl) and surface-gas (sg) with contact angle (θ ),
as shown in Equation 4.2.
c o s (θ ) =
σsg −σs l
σl g
(4.2)
Ifσsg < (σs l +σl g ), the liquid droplet will spread out on the surface, forming a wetted
state between liquid and surface, i.e. θ < 90◦. And opposite, if σsg > (σs l +σl g ), a
dewetted state will occur, where the liquid droplet will be sphere shaped resenting
gravity, i.e. θ > 90◦.
Cassayre et al. [23, 27] investigated the wetting properties and bubble behaviour in
a transparent cell with both a graphite anode and an oxygen evolving SnO2 anode.
The wetting angle upon heating was measured between a ﬂat anode substrate with
an electrolyte sample on top using the sessile drop method. The SnO2 anode showed
full wetting with the cryolitic sample (0◦). The graphite:cryolite test showed a wetting
angle of about 120-130◦, i.e. poor wetting. It was also observed that the gas bubbles
(i.e. oxygen) formed on the anode surface were small and detached easily from the
SnO2 surface, forming a froth of tiny gas bubbles. On the graphite anode, the bubbles
grew larger at their nucleation sites before they detached. They concluded that wetting
properties is important for gas bubble behaviour. Wetting of anode:electrolyte was
also investigated using the sessile drop technique by Thorne et al. [8], and it was found
that anodes made from isotropic coke showed better wetting toward the electrolyte
(θ<90◦), than anodes made from anisotropic coke (θ>90◦).
The sessile drop method is an equilibrium measurement, where the size of the elec-
trolyte droplet is small and the anode sample is not polarized. Solheim et al. [49] used
an immersion-emersion techniquewhere thewetting properties between an industrial
baked carbon anode and electrolyte were investigated before and after polarisation. It
was found that wetting is permanently improved after polarisation and this may be
attributed to adsorbed species on the anode surface. It was also found that increasing
Al2O3 concentration improves the wetting between anode and electrolyte. Also, it was
observed that after the experiment had been terminated, solidiﬁed cryolite adheres
to the anode sample after high Al2O3 content experiments. This was not the case
during low Al2O3 content experiments. The effect of low Al2O3 concentration on the
wetting angle has also been investigated by Vogt in relation to the anode effect [12].
An electrolyte containing a low Al2O3 concentration showed poor wetting towards the
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anode. Anodes that had been subjected to the anode effect were investigated and
C-F bonds were observed [50, 51]. These C-F bonds create a smooth, nearly polished,
anode surface, which has even been observed on anode surfaces run at normal Al2O3
concentration conditions. A ﬂuoridised anode surface deteriorates wetting between
anode and electrolyte, consequently increasing the bubble screening of the anode.
A lower wetting angle i.e. better wetting conditions between electrolyte and carbon
anode, which in-turn enhances the removal of gas bubbles on the anode surface. Ad-
ditionally, a higher Al2O3 concentration was found to enhance the wetting angle of the
electrolyte towards the anode.
4.1.8 Purpose of this Work
Studies on the effect of properties of the carbon anode on the gas bubble behaviour
are limited in the open literature. Many studies have used graphite of various qualities
e.g. [23–25, 27, 36], but studies where the anode coke material is varied are rather
scarce. Kasherman and Skyllas-Kazacos [42]made two anodes of the same coke and
pitch, making one anode more porous than the other. They found that the ohmic
voltage drop through the electrolyte is lower for a more porous anode compared to a
denser anode. They suggested that the size of the bubbles is smaller for a more porous
anode, and further suggested that the porosity affects the anode:electrolyte interface.
The latter was not conﬁrmed by speciﬁc wetting experiments.
Thorne et al. [8] studied anodes made with different cokes. Two anodes were made
from anisotropic cokes and two anodes were made from isotropic cokes. The authors
found that the frequency of bubble release, voltage oscillation magnitude, bubble
volume and degree of bubble screening is affected by the coke quality. Anodes made
from isotropic cokes show a lower bubble release frequency, have lower potential
oscillations, a larger bubble volume and a lower degree of bubbles screening the
anode surface than anodes made from anisotropic cokes. The anodes made from
isotropic cokes show a lower wetting angle as obtained by the sessile drop method
and one of them had signiﬁcantly larger pores.
This work seeks to further investigate the effect of isotropic cokes in anodes. Due to
the coke raw material situation in the world, trials of introducing isotropic coke into
anodes have been performed by several major industrial aluminium producers [52,
53]. Isotropic coke has traditionally been regarded as fuel grade coke and rejected by
the anodes producers. In this work, a series of pilot anodes were made with blends of
two single source cokes; one anisotropic coke and one isotropic coke. The content of
isotropic coke to anisotropic coke was varied (0 %, 7.2 %, 14.2 %, 35.0 %, 49.0 % and
100 % isotropic coke content). The anodes have been characterised with respect to
impurities, density, speciﬁc electrical resistivity, air permeability, coefﬁcient of thermal
expansion, air and CO2 reactivity and dust index by conventional methods applied by
the industry. The porosity of the anodes was studied by Hg porosimetry and optical
microscopy.
The anodes were investigated by electrochemical techniques in laboratory scale exper-
iments in order to study the build-up, coverage and release of gas bubbles. The wetting
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properties of the anode were studied under polarisation by the immersion-emersion
technique mentioned above [49, 54]. The main purpose of the work was to improve
the understanding on the effect of various anode properties on the electrochemi-
cally produced gas bubble build-up behaviour and the wetting properties using the
immersion-emersion technique.
4.2 Materials and Methods
4.2.1 Pilot Anodes and Electrolyte
Pilot scale anodes (Ø = 130 mm, h = 180 mm) were produced by Hydro Aluminium
from one single source industrial sponge type petroleum coke of anisotropic character,
one single source isotropic petroleum coke and an industrial grade coal tar pitch. The
particle size of the aggregate was 0-2 mm, which was chosen to ensure a representative
and homogeneous surface area in laboratory scale experiments. The recipe for produc-
ing the anodes was varied throughout the series in terms of blending ratio of isotropic
to anisotropic coke. The coke aggregate had coke particle fractions of 1-2 mm, 0-1 mm
and ball mill dust of less than 0.125 mm size. Six different pilot anodes were produced
to varying blending ratios. Table 4.1 shows production details of the anodes in this
study where the anode name reﬂects the total isotropic coke content. The anode
names referred to in Table 4.1 will be used consistently throughout this chapter. A
graphite material from Svensk Specialgraﬁt AB (Ultrapure grade CMG) was used for
comparison and is denoted as “graphite” throughout the entire chapter. The pitch
binder used for production of the anodes had a Mettler softening point of 119.1◦C and
a QI level of 7.8 %. Mixing and baking temperatures during anode fabrication were
kept constant.
For clarity, Anodes 0 % and 100 % in this work were sampled from the same pilot
anodes as Anode A and B in Sommerseth et al. [9, 45], respectively. Also Anode 0 %
and Anode 100 % are sampled from the same pilot anodes as Anode 1 and Anode 4 in
[7, 8, 11, 55], respectively. However, new samples were made for all electrochemical
tests, and new electrochemical tests were performed.
The electrolyte used was a cryolitic melt with a molar ratio of NaF to AlF3 of 2.3,
saturated in aluminium oxide. The cryolite was from Sigma Aldrich (>97% purity)
with an excess of AlF3 of 9.8 wt% (industrial grade, sublimed in-house) and 9.4 wt%
γ-Al2O3 from Merck (>99.4 % purity). The same electrolyte composition was used for
all electrochemical tests.
4.2.2 Physical Analysis
The anodes were characterised using the industry International Organization for
Standardization (ISO) methods for density (ISO 12985-1:2000), speciﬁc electrical re-
sistivity (SER) (ISO 11713:2000), permeability (in house method at Hydro compara-
ble to ISO 15906:2007) and coefﬁcient of thermal expansion (ISO 14420:2005, but
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Table 4.1: Pilot anodes. Under coke type, A and I denote anisotropic and isotropic coke,
respectively.
Anode Coke 0-1 mm 1-2 mm Ball mill Pitch
name type aggregate aggregate product content
wt% wt% wt% wt%
0 % A 35.0 38.0 27.0 15.0
I 0
7.2 % A 32.4 32.4 28.0 14.0
I 3.6 3.6 0
14.2 % A 28.0 28.8 29.0 14.0
I 7.0 7.2 0
35.0 % A 17.5 17.5 30.0 14.0
I 17.5 17.5 0
49.0 % A 10.5 10.5 30.0 14.0
I 24.5 24.5 0
100 % A 0 0 0 15.0
I 35.0 38.0 27.0
the temperature range was extended to 300-700◦C and a sample size of Ø = 20 mm,
height = 75 mm). Air and CO2 reactivity tests were performed using in-house thermo-
gravimetric analysis methods developed at Hydro Aluminium similar to ISO 12989-1
and ISO 12988-1, respectively. Additionally, the levels of metal and sulfur impurities in
the carbon anodeswere determinedusing X-Ray ﬂuorescence (XRF). Themethodology
is described in ISO 12980:2000. All these tests were performed as routine measure-
ments at Hydro Aluminium Årdalstangen.
4.2.3 Porosity and Texture
A Micrometrics Autopure IV 9500 Mercury Porosimeter was used to investigate the
microporosity (typically <1 μm1) of the carbon anode samples. Hg was ﬁlled into
anode bulk samples of ∼2.2 g at pressures 0.50-60 000 psia (3.45·103-4.14·108 Pa). The
pore diameter range measured by mercury intrusion was 0.003-360 μm [58].
Porosity was also investigated using an optical microscope (high-end Leica/Relchert
MeF3A metallurgical optical reﬂecting light microscope) and a custom written macro
1Note that the IUPAC deﬁnition of porous materials deviate from the deﬁnition used in aluminium
industry for microporosity: Microporous materials have pore diameter <2 nm, mesoporous materials
have pore diameter in the range 2-50 nm and macroporous materials have pore diameters >50 nm [56].
This deﬁnition is not applied here. There is no consensus on the deﬁnition of microporosity within
aluminium industry, although in the present work a deﬁnition for microporosity will include pores with
diameter <1 μm, corresponding to the deﬁnition in [57].
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for the NIH software as described by Rørvik and Øye [59]. The resolution range for
porosity measurements using this method was 5-10000 μm diameter. Ø = 10 mm core
anode samples were mounted in epoxy resin under vacuum (two-component Epoﬁx
epoxy with Epodye green ﬂuorescent dye from Struers, Denmark). After setting of the
epoxy, the samples were ground and polished step-wise down to 1 μm. The samples
were then studied in the optical microscope using a selective ﬂuorescent light ﬁlter
(named B5) that only include wavelengths equal to or shorter than blue light. The
ﬂuorescent light ensured good contrast between the ﬂuorescent epoxy ﬁlled pores and
the carbon sample. The magniﬁcation used was x100. The optical microscope was set
to take 192 individual frames of the entire sample surface. These images were then
stitched together. The NIH software then determined the porosity vs. pore diameter,
where the pore diameter is set equal to the diameter of the largest circle that will ﬁll
the pore.
Figure 4.1: Electrochemical experimental setup used when investigating the bubble build-
up and release of the different carbon anode materials. All measures are in mm.
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4.2.4 Electrochemical Bubble Evolution
The electrochemical bubble behaviour of the anode materials varying in isotropic coke
content, and a reference graphite material, was investigated using a ﬂat horizontal
anode surface. 10 mm core anodes were placed inside a boron nitride tube (wall
thickness of 2 mm) in order to maintain a completely ﬂat surface with no vertical
anode area (0.79 cm2) exposed to the electrolyte. The anode sample was immersed
approximately 0.5 cm into the electrolyte. A graphite crucible was used to hold the
electrolyte. A silicon nitride tube was used to shield the walls of the crucible and
the bottom of the graphite crucible was used as the cathode to obtain as straight
current lines as possible. The anode sample with the boron nitride shielding was
threaded onto a Ø = 3 mm stainless steel rod for electrical contact. An aluminium
reference electrode, which was produced in-house, was used in order to measure
the anode (working electrode) potential. All potentials referred to in this work are
quoted with respect to the Al reference electrode. A new reference electrode was used
for every duplicate experimental run. Figure 4.1 shows a sketch of the experimental
setup. The experiments were performed in a tube furnace at 1000 ◦C in an argon
atmosphere. A Parstat 4000 potentiostat/galvanostat/EIS analyzer from Princeton
Applied Research with a minimum/maximum current range of ±40 pA/±4 A was used
for the electrochemical testing.
A current density of 1.0 A/cm2 was applied for 2x200 s and the voltage response mea-
sured. The ﬁrst 200 seconds was used as a preconditioning of the anode surface, until a
pseudo-steady potential state was obtained. The experimental design allowed for max-
imum bubble retention under the anode surface, and distinctive potential oscillations
were seen as the bubbles built up and eventually release. The amplitude and frequency
of these oscillations are thus directly related to the formation and release of bubbles
on the surface. The volume of released bubbles was calculated using the average of
ﬁve time intervals (Δt) for complete bubble oscillations, related to the charge passed
according to Faraday’s law:
Vbubb l e =
I ·Δt ·R ·T
n · F ·P ·10
3 (4.3)
In Equation 4.3, I is current, F is Faraday constant and n is number of electrons passed,
i.e. 4, R is the gas constant (0.0821 L atm/mol K) and T is temperature (1273.15 K). The
pressure, P, is assumed to be 1 atm and it is also assumed that the ideal gas law applies.
By applying a constant potential of 2.5 V for 200 s, while the current was recorded,
the bubble coverage, also denoted as bubble screening, on the anode surface was
determined by calculating the ratio between the maximum and minimum current
values.
Three or more samples were tested for each anode material with the exception of
the 7.2 % isotropic coke content anode. This anode was tested once, and then it was
excluded from the series. The test sequence of the anode series was randomised
during the experiments in order to eliminate possible changes in the properties of the
melt over the time of the experiment.
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4.2.5 Wetting Properties of Polarised Anode Samples in a Cryolitic Melt
Adedicatedapparatus for investigating thewettingproperties of carbonanode samples
towards cryolitic melts before and after polarisation was built by SINTEF in collabora-
tion with Hydro Aluminium. This apparatus has been thoroughly described in [49, 54].
In the present work the anode shape was modiﬁed to an outer diameter was 30 mm
and inner diameter was 22 mm. The sequence of the measurements was:
• Step 1: Start with the sample 8 mm above the electrolyte. The dry sample was
immersed 40 mm into the cryolitic melt at a rate of 0.2 mm/s by raising the
crucible holding the electrolyte. The sample was left at this position for 10 mins.
After 10 mins the crucible was lowered 5 mm at a rate of 0.2 mm/s and left at this
position (anode immersed 35 mm) for another 10 mins until the crucible was
lowered at a rate of 0.2 mm/s until the entire anode was out of the electrolyte.
• Step 2: The same procedure as above was repeated immediately with the wet
sample.
• Step 3: Start with the sample 8 mm above the electrolyte. The anode was im-
mersed 40 mm into the electrolyte at a rate of 0.2 mm/s, and then held for
10 mins. An anodic current of 0.7 A/cm2 (50 A, maximum current for the cur-
rent supplier) was applied for 10 s. The crucible was then lowered at a speed of
0.2 mm/s till the anode was out of the electrolyte.
• Step 4: Start with the sample 8 mm above the electrolyte. The anode was im-
mersed 40 mm into the electrolyte at a rate of 0.2 mm/s, and then the direction
of the crucible motion was immediately reversed at the same rate.
According toMartinez et al. [54], the totalmeasuredweight of the anode sample during
an experiment is a combination of 1) the free weight [g] of the anode sample, m0 (i.e.
hanging freely over the electrolyte), 2) the buoyancy of the immersed part of the anode
sample, mb and the weight of the meniscus, mσ. mσ is the reported value, and m0 and
mb are used to correct the measured raw data weight, mm , according to Equation 4.4.
mσ =mm −m0−mb =mm −mt (4.4)
Theoretical weight mt is given as the sum of the buoyancy and the free weight. Equa-
tion 4.5 gives the force [N], F, acting on the anode sample in the vertical direction.
F = L ·σ · c o sθ (4.5)
In the Equation, L is the length of the meniscus [m] (=π(diameterout e r+diameterinne r ),
σ is the surface tension [N/m] between the liquid and the gas and θ is the calculated
wetting angle between the electrolyte and the anode sample. σwas found to be 0.1131
N/m by assuming that Equation 4.6 applies [3].
σ= c −d · t (4.6)
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Equation 4.6 is identical with Equation 5.2.7 in “Aluminium Electrolysis” p. 101 [3].
The parameters c=205.2 N/m and d=0.0921 N/m·◦C are found in Table 5.2.2 (p. 101
[3]). t denotes the temperature (in ◦C) during experiment and is 1000 ◦C. Equation 4.7
shows the dependency between the force and the weight of the meniscus.
mσ = F /g (4.7)
In Equation 4.7, g is the standard acceleration of gravity (9.81 m/s2). Equations 4.5
and 4.7 were used to calculate the wetting angle.
4.3 Results and Discussion
4.3.1 Physical Parameters for the Test Anodes
Table 4.2 shows impurity levels for various elements as determined by XRF. The ultra-
pure graphite sample is as expected, low in all impurity elements. The anisotropic coke
anode (0 % ) is intermediate in most impurities. Note especially the low sulfur and
vanadium contents. The 100 % isotropic coke anode is generally high in all impurities
compared to the 0 % anode (except phosphorus). Note especially the high sulfur and
vanadium contents. The coke type is responsible for the increased impurity content in
the 100 % anode compared with the 0 % anode, since the pitch is the same throughout
the anode series. It is assumed that the anodes containing 7.2-49.0 % isotropic coke
show linear increase in impurities dependent on the amount of isotropic coke present.
Table 4.3 shows physical properties for the entire anode series, including density,
speciﬁc electrical resistivity (SER), air permeability, coefﬁcient of thermal expansion
(CTE), air and CO2 reactivity and dust index. The 35.0 % and 49.0 % anodes are higher
in density than all the other anodes. In general, SER and air permeability reﬂects the
density of the anodes, except for the 100 % anode. As seen by further porosity investi-
gations of these anodes (Figures 4.2, 4.3 and 4.4), the 100 % anode shows a network of
large open pores and this is the reason for the high air permeability. The value 6.9 in-
dicates that the air permeability test exceeds the limit for the permeability equipment
used. CTE increases linearly with increasing isotropic coke content, suggesting that
isotropic coke will expand more than anisotropic coke upon heating. A consequence
of this is seen in Figure 4.4 where cracks around the isotropic coke particles are clearly
visible for the 35.0 % and 49.0 % baked anodes. This was also reported by Sommerseth
Table 4.2: XRF elemental results for graphite and the baked 0 % and 100 % isotropic coke
anodes.
Anode Na Si P S Ca V Fe Ni Zn Pb
ppm ppm ppm % ppm ppm ppm ppm ppm ppm
Graphite 10 10 1 0.00 11 1 25 3 1 1
0 % 56 108 11 0.94 25 70 287 45 5 7
100 % 115 284 4 4.45 227 883 393 372 38 20
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Table 4.3: Physical properties of the anodes. SER = Speciﬁc el. resistivity, Perm. = Perme-
ability, CTE = Coefﬁcient of thermal expansion and TC = Thermal conductivity, CO2, air
reactivity and dust index.
Anode Density SER Perm. CTE RCO2 RAi r Dust
index
g/cm3 μΩm nPm μm/mK mg/cm2h mg/cm2h mg/cm2
Graphite 1.771 12.7 0.20 N/A 2.5 0.3 0.4
0 % 1.603 55.2 0.8 4.14 19.0 39.0 15.3
7.2 % 1.597 58.3 1.1 4.19 11.9 21.5 4.8
14.2 % 1.595 59.4 1.5 4.48 11.4 25.2 4.4
35.0 % 1.651 51.9 0.9 5.07 14.4 30.9 2.2
49.0 % 1.674 50.7 0.6 5.44 18.1 37.2 2.1
100 % 1.596 50.5 6.9* 7.07 7.4 70.1 0.2
*This was the maximum measurable level of the equipment, indicating that the
measurement is out of range.
et al. [45]. The isotropic coke expands more and when the amount of isotropic coke
content reaches a certain fraction (somewhere between 14.2 and 35.0 %), cracking is
visible by microscopy. A decrease in CO2 reactivity was generally seen for all anodes
containing isotropic coke, compared to the pure anisotropic coke anode (the 0 %
anode). This is in agreement with Edwards et al. [52]where a slight improvement in
CO2 reactivity was seen when isotropic coke was introduced to anodes. This is due
to sulphur forming inactive metal-sulphur complexes with metal catalysts, which in
turn inhibit the CO2 forming reaction [60].
In anodes containing isotropic coke, an increasing trend of air reactivity was seen with
increasing isotropic coke content. There is reason to believe that the increased content
of metal impurities may be responsible for this [61]. Dusting is, however, reduced with
an increasing isotropic coke content. Dust in potrooms must be removed manually
[47], and this causes increased labour costs as well as instability in the pots. Hence,
reducing carbon dusting from anodes is desirable. The graphite anode is clearly
different from the carbon anodes in terms of physical properties. It is denser, has
lower SER and air permeability and very low CO2 and air reactivity as well as dust
index. The low air and CO2 reactivity can be explained by the high amount of basal
planes compared to edge planes and defects in the crystal lattice and the absence of
impurities.
The anodes produced for the thesis work represent specialised, tailor-made anode
aggregates and they are produced on a pilot scale anode production line that has
been tuned to simulate full scale anode production. A fair level of agreement with
actual anode properties is expected, but there are deviations compared with typical
industrial anode parameters (cf. Table 2.1 and [57]), especially for the 100 % anode
with the exaggerated porosity. These deviations were due to a too high pitch content in
relation to the ability of isotropic coke to absorb pitch, and the unusual coke aggregate
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used. Also, it is fairly common that pilot scale anodes show a slightly lower density,
and a higher air permeability and electrical resistivity than industrial scale anodes
[62].
4.3.2 Porosity Measurements
Microporosity was measured using Hg porosimetry. Figure 4.2 shows the differential
intrusion of mercury vs. pore size diameter of the anodes. Only one parallel was run
of each sample. The graphite sample shows very little porosity except in the range
between 0.3-1 μm. The porosity of graphite assessed by Hg porosimetry corresponds
to the volume fraction of pores formed between single grains of carbon particles. The
pilot anode series show that the 100 % anode has higher differential porosity around
100 μm. Such wide pores are not observed for the other pilot anodes. The presence
of large pores in the 100 % anode is due to non-optimal packing of the coke grains,
non-optimal mixing temperature between the isotropic coke and the pitch and also a
non-optimal pitch content, leaving the coke grains unwetted. For anodes 0-49.0 %,
the ﬁnes were purely anisotropic coke as shown in Table 4.1 and this appears to have
a signiﬁcant effect on the quality of the anode as the coke/pitch interaction depends
on the type of coke. In the 1-10 μm range the 0-49.0 % anodes show some porosity,
while the 100 % anode has very little porosity in this range. In general, the porosity
in the range 10-100 μm appears to be due to the packing between the isotropic and
anisotropic coke particles. The 49.0 % anode shows a particularly small amount of
pores in this range, suggesting that the packing between the coke grains at this mixing
range is very good.
Figure 4.3 shows the porosity analysis of the anodes vs. pore size diameter, as obtained
by optical microscopy. The results are an average of two parallels for each anode
sample. Graphite was not investigated due to difﬁculties in getting epoxy to penetrate
the pore structure, due to the very small size of the pores. The characterisation of
porosity by optical microscopy support the ﬁndings from Hg porosimetry in terms of
the 100 % anode having large pores peaking at 300 μm that are not present in the other
anodes. Also, the effect of packing between the isotropic and anisotropic coke particles
can be seen in the 30-100 μm range. Neither the 0 % nor the 100 % anodes have peaks
of porosity in this range. The packing between the isotropic and anisotropic coke
grains is good in the range of 7.2 % to 49.0 % isotropic coke content. This was also
seen in the Hg porosimetry measurements. Figure 4.4 shows a collage of each anode
sample where the porosity was measured by optical microscopy. The red colour is the
carbon sample and the yellow colour is the epoxy penetrated into pores and voids
in the sample. The epoxy creates a good contrast between the carbon and the pores.
Only open pores are ﬁlled with epoxy. In Figure 4.4 the large pores that appear for the
100 % anode are very visible.
Porosity investigations using optical microscopy have some advantages compared
to Hg porosimetry. The optical microscopy method is a “maximum” measuring tech-
nique, that measures a pore as the largest circle that can ﬁt into a void ﬁlled with epoxy.
This gives a more realistic measure of the size of the pores. Hg porosimetry on the
other hand measures the pressure needed to penetrate the bottleneck of the pore, and
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relates this to the pore size. It provides no information about the size of the pore inside
the bottleneck [59]. The size of the samples measured during Hg porosimetry is very
small, causing some uncertainty as to whether the samples are representative. Optical
microscopy on the other hand is challenging in terms of successful ﬁlling of all the
open pores with epoxy. Both methods only measures open porosity.
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Figure 4.2: Differential intrusion of mercury into pores vs. pore size diameter.
4.3.3 Electrochemical Bubble Evolution
The anodes were characterized electrochemically in a laboratory cell as shown in
Figure 4.1. A current density of 1.0 A/cm2 was applied and the voltage was recorded.
An example of the voltage obtained at 1.0 A/cm2 for one parallel of each sample in
the anode series, is shown in Figure 4.5. As was also seen in several other works [8, 15,
17, 24, 25, 30, 31, 36–38], a quasi-periodical dynamic pattern of bubble build-up and
release was observed. Figure 4.6 shows a summary of voltage oscillation amplitudes
for all samples tested during three individual duplicate runs with one or two parallel
samples of each pilot anode. For each sample the average of ﬁve bubble build-up and
release cycles sampled towards the end of the 200 s measuring period, was used to
determine the amplitudes. In Figure 4.6 b), the average of all the pilot anode samples
are shown together with the corresponding standard deviations. The two high points
for 14.2 wt% and 35.0 wt% isotropic coke content have been considered as anomalous
due to obvious irregularities in the voltage output obtained. Hence, n = 3-5, except
for the 7.2 wt% anode which was only tested once. The values for the maximum
and minimum voltages, as well as the time period between maximum and minimum
points, were extracted manually. When introducing isotropic coke, the regularity of
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Figure 4.3: Porosity [%] vs. diameter of pores obtained by optical microscopy, average of
two duplicate runs of each sample.
Figure 4.4: Optical microscopy images showing pores (yellow) in the different anode mate-
rials.
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the oscillation patterns become disrupted and the patterns become more noisy, less
regular and more sawtooth-like, as seen in Figure 4.5. Due to a lack of regularity in the
voltage signal for these anodes, FFT analysis could not be used (only for the graphite
and anisotropic anode).
From Figure 4.6 it is obvious that graphite has much higher voltage oscillation am-
plitudes than the pilot anodes. A suggested reason for the high potential oscillation
amplitudes of graphite is the very dense and nearly polished surface, which tends
to facilitate nucleation of a large number of small bubbles in the micropores which
screens a high fraction of the surface before coalescing.
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Figure 4.5: Example of potential vs. time for graphite and thepilot anodeswhere 1.0A/cm2
wasapplied for200seconds. The last 20 secondsof the200s longmeasurementsare shown.
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Figure 4.6: Potential oscillation magnitude of bubbles evolved during electrolysis at
1.0 A/cm2 of anodes varying in isotropic coke content. a) All results including graphite
from threeduplicate runs. b) Average resultswith error bars for all anodes except graphite.
For both graphite and the 0 % anode, the oscillations are very regular with a fairly
constant time interval between the minimum and maximum points. As already men-
tioned, this regularity breaks down when isotropic coke is introduced into the anode
series. It is evident that introducing isotropic coke lowers the potential oscillation
amplitude and this effect appears already with only a small addition of isotropic coke
(7.2 %). The reduction in potential oscillation amplitudes when blending in isotropic
coke to anisotropic coke, is remarkably high, around ∼0.19 V. This suggests a great po-
tential for energy savings in potrooms if the ﬁndings can be conﬁrmed using industrial
scale anodes. The reduction in ohmic resistance caused by bubbles can be utilized
further by either lowering the ACD [44], or alternatively running at the same ACD as
before, but with a more stable potline with less back-reactions and hence increased
current efﬁciency. The ﬁndings in this work for the 0 % and 100 % anodes are also
conﬁrmed in [8].
The lack of porosity may have an important role in the bubble oscillation amplitude
observed for the graphite samples compared with the pilot anode samples, as pores
are nucleation sites for bubble formation [24, 25, 30, 32]. Also, the 100 % isotropic coke
anode has an even lower bubble potential amplitude than the blended anodes. The
large array of open pores present in the 100 % anode and the high air permeability
shown in Table 4.3, may suggest that more gas is susceptible to enter the pores instead
of escaping from the anode surface. Transport of bubbles through pores as a means
of reducing surface screening has also been suggested by [1, 30, 33]. However, the
amount of gas entering pores is not conﬁrmed or quantiﬁed by testing for example
the effect of ACD and hence, increased pressure on the anode sample as described in
[46, 47].
For the blended anodes it is more difﬁcult to draw any conclusion on how porosity
affects the bubble potential amplitudes. However, the porosity differences between
these anodes are not so great compared with graphite and the 100 % anode. The
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nucleation and coalescence of bubbles appears to be fairly similar for all the blended
isotropic to anisotropic coke anodes, explaining why all these anodes show similar
potential oscillation amplitudes within the standard deviations given.
The bubble volume was calculated according to Faraday’s law, as given by Equation 4.3.
Figure 4.7 shows the calculated bubble volume for the anodes, including graphite.
These results, however, do not correlate with the potential oscillation amplitudes
as anodes with higher calculated bubble volumes have lower potential oscillation
amplitudes. Due to the breakdown of the regularity of the voltage oscillations when
isotropic coke is blended in, there is some difﬁculty in determining Δt accurately,
and this is reﬂected in the fairly high standard deviations for the blended anodes.
According to Einarsrud [30], the bubble release should be faster (i.e. lowerΔt) with
higher potential oscillation amplitudes. Despite the problems determiningΔt, the
frequency of bubble release is slightly higher for the 0 % anode compared with the
remaining pilot anode series. However, the results for graphite which has the highest
potential oscillation amplitude, does not conﬁrm this sinceΔt for graphite and the
0 % anode are similar. An explanation related to bubble screening of the anode surface
is given below.
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Figure4.7: Averagebubble volumeperbubble evolvedduring electrolysis at 1.0A/cm2 with
error bars. For graphite n = 2 and for the remaining anodes, n = 3-5. For each sample the
average of 5 bubbles are reported and included in the calculations.
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Figure 4.8 shows current vs. time for graphite and the pilot anodes. These raw data
results were used in order to calculate the bubble screening on the anode. Figure 4.9
shows the percentage of bubbles covering the anode surface calculated by using the
maximum over the minimum current amplitude observed for each anode sample
when a constant voltage of 2.5 V was applied. The fraction of the anode surface
screened by bubbles ranges from 14-90 %, depending on the anode material in use,
and this is in fair agreement with [8]. This suggests that bubble screening is highly
material dependent. Other work has shown a smaller range of bubble screening [17, 25,
41] , however, these works were performed using different anode sizes and materials
making it difﬁcult to directly compare these results with the present work.



	













	 




	
















      







      



	















Figure 4.8: Example of current vs. time for graphite and the pilot anodes where 2.5 V was
applied for 200 seconds. The ﬁrst 30 seconds of the 200 s long measurements are shown.
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As can be seen from Figure 4.9, graphite has a much higher bubble screening than the
pilot anodes. The standard deviation for graphite also suggests a maximum coverage
above 100 % which of course is not possible. From the 14.2 % anode and towards the
100 % anode the bubble screening decreases from 42.6 % to 14.5 % and the 35.0-100 %
anodes all have lower bubble screening than the 0 % anode. Exactly why the bubble
screening for the 14.2 % anode seems to be higher than the 0 % anode, is not fully
understood, but considering the standard deviation, they may be considered almost
similar.
When comparing the present results with Thorne et al. [8] it may seem that the 0 %
anode is a little underestimated in the present work. About ∼38 % screening of the
0 % anode was found in the present work compared with ∼50 % in Thorne et al. One
possible source of error during anode screening experiments may be underestimating
the screening due to a slight tilt under anodes. A tilt of the anodes will change the
buoyancy effect underneath the anode and hence change the velocity regime for
bubble release [13, 14, 17]. The graphite and 100 % anodes are similar to the results
obtained in [8] within the standard deviations. Also, in [8], the size of the anodes is
slightly smaller, 8 mm.
It can be questioned, as mentioned previously that gas may enter the large array
of open pores in the 100 % anode suggesting that the bubble screening reported
here is lower than what it might have been if the anode had been more optimised in
terms of packing between larger coke grains and ﬁnes. However, there is a downward
trend towards the 100 % anode suggesting that this trend is real since both the 35.0 %
and 49.0 % are the more dense anodes in this pilot anode series. This supports the
hypothesis/explanation that thedecreaseobserved inbubble screeningwhen isotropic
coke is introduced in anodes, is a material property of the cokes.
A suggested explanation as to why the bubble screening in general is lower for an-
odes containing isotropic coke is the increased electrolyte wettability for the anodes
containing isotropic coke compared with anodes only containing anisotropic coke.
Better wetting between anode and electrolyte implies a reduced contact angle, and a
correspondingly higher gas-solid contact angle. In literature, it has been found that
increased wetting between anode and electrolyte enhances the bubble release from
the anode surface and the anode screening was reduced [23, 27]. Cassayre et al. [23,
27] also observed a reduction in the additional ohmic resistance caused by bubbles. A
simple assessment of the wetting between anode and electrolyte is shown in [8]where
the 100 % anode (denoted Anode 4 in the paper) showed signiﬁcantly better wettability
than the 0 % anode (denoted Anode 1) using the sessile drop method. However, the
measurements were not conducted under polarisation and polarisation is known to
affect the anode:electrolyte wetting behaviour. Therefore, the in-house design wetting
apparatus, as described in Section 4.2.5 was used for determination of wetting angle
for the anode vs. electrolyte before and after polarisation, as discussed below.
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Figure 4.9: Percent of anode surface screened/covered by bubbles calculated from maxi-
mum and minimum current measured at constant voltage of 2.5 V. Error bars show one
standard deviation, where n=4.
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4.3.4 Wetting Properties of Polarised Anode Samples
Wetting properties between the anode and the electrolyte play an important role in
the electrolysis cell, as better wetting gives a higher contact area between anode and
electrolyte. The wetting properties of the pilot anode series, including graphite, were
investigated using the immersion-emersion technique as described in [49, 54]. A four
step experimental approach was used as described in the Materials and Methods
section of this chapter. Figures 4.10-4.12 show examples of the raw data results from
Steps 1-4 for one of the 0 % anodes. Figure 4.10 shows Steps 1 and 2 which are identical
except that in step 1 the sample is a dry, virgin sample who has not been in contact
with the electrolyte. As can be seen from Figure 4.10, the results from Step 1 and 2
are fairly similar. The various steps during the immersion-emersion sequence are
described in the ﬁgure.
Figure 4.11 shows the immersion-emersion raw data during Step 3, where a current
is applied for 10 s before the emersion. It is evident that the weight of the meniscus
(mσ) is higher in Step 3 compared with Steps 1 and 2 where the sample had not been
polarised. Figure 4.12 shows a) raw data of Step 4, and b) corrected weight, mm - mt ,
of the sample during immersion where the weight in gas and the buoyancy effect has
been subtracted as described in Equation 4.4. An arrow indicates the average mm - mt
reported for each sample in Figure 4.13. The effect of the change in the meniscus
length continues also in Step 4 as compared to Steps 1 and 2. This suggests that the
change in wetting seen after polarisation is permanent due to adsorbed species as
suggested by Solheim et al. [49].
Figure 4.13 shows a summary of the corrected weight and the calculated wetting angle
from Equations 4.5 and 4.7. The reported values are average mm-mt values including
one standard deviation of the horizontal region of the immersion as indicated with
an arrow Figure 4.12 b). It is evident that there is a difference in the wetting condi-
tions between the samples a) before and b) after polarisation, and for all samples the
wettability of the anode towards the electrolyte is improved after polarisation. It is
also evident that the wetting increases with isotropic coke content supporting the
theory that wettability plays an active role in the bubble voltage response and bubble
screening of the anode surfaces as seen in Figures 4.6 and 4.9, and also as described
in [8, 54]. Einarsrud et al. [31] showed the importance in surface tension and wetting
angle in order to fully describe the observed bubble behaviour in an experiment which
was compared to modelled results. Better wetting between anode and electrolyte
enhances the removal of gas from the anode surface.
The increased wettability for the 100 % isotropic coke anode compared with the 0 %
anode and graphitewas also foundusing the sessile drop technique [8], although, using
the sessile drop technique gives differentwetting angleswhencomparedwith thiswork.
It has been argued that the immersion-emersion technique is more appropriate in
order todescribe the realwetting regime in electrolysis cells comparedwith sessile drop
[54]. The reason for this is the larger size of the anode sample and the interface towards
the electrolyte, and the fact that the sample used during sessile drop is ﬂat with the
electrolyte on top, making it an equilibrium measurement where the effect of velocity
of the electrolyte is not taken into account. Lastly, during sessile drop experiments,
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Figure 4.10: Example of raw data of measured weight vs. time for Step 1 (black) and Step
2 (grey) during the wetting test of a pilot anode showing I) immersion of the sample 40
mm into the electrolyte, II) changing the electrolyte height relative to the anode sample
to 35 mm, III) emersion of the sample and IV) the observed meniscus that appeared when
pulling the sample completely out of the electrolyte. Step 1 is when the dry anode is im-
mersed into the electrolyte for the ﬁrst time, and Step 2 is repeating Step 1 but now with
“wet” sample. Samples are not polarised.
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Figure 4.11: Example of rawdataofmeasuredweight vs. time for Step3 (black) and current
vs. time (grey)during thewetting testof apilot anodewhere i=immersion, e=emersionand
m=meniscus. A current of 50 A (0.7 A/cm2) was applied for 10 seconds and the sample was
subsequently pulled out of the electrolyte.
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Figure 4.12: a) Example of raw data of measured weight vs. time for Step 4 during the wet-
ting test of a pilot anode. b) The corresponding recorded weight (mm ) has been subtracted
with the theoretical weight (mt ) vs. the position of the anode sample in the electrolyte for
Step 4. In b), the part of the graph during immersion that has been used in order to report
average mm -mt for the different anode samples in Figure 4.13 is indicated. i=immersion,
e=emersion and m=meniscus.
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Figure 4.13: Difference between recorded weight, mm , and theoretical weight, mt , during
immersion of the carbon samples into the electrolyte after polarisation at 0.7 A/cm2 (50 A)
(advancing angle of wetting) and calculated wetting angle from Equations 4.5 and 4.7, θ ,
vs. isotropic coke content. The reported values are average mm -mt values including one
standard deviation of the horizontal region of the immersion as indicated with an arrow to
the right in Figure 4.12.
the anode is also not polarised, making it a less relevant method for determining the
real wetting conditions between anode and electrolyte. Nevertheless, the trends are
essentially the same with both the sessile drop method and the immersion-emersion
technique.
The sawtooth like bubble build-up pattern seen especially for the blended anodes
in Figure 4.5, is caused by a reduction in screening before the bubbles are released.
This may be explained either by bubbles being released from the anode surface before
coalescing takes place or that the bubbles do coalesce, but the screening of the anodes
are less due to the increased wetting observed for the anodes containing isotropic
coke.
The effect of wetting between the anode:gas:electrolyte becomes increasingly impor-
tant when the electrolyte is being depleted in Al2O3 when approaching the anode
effect. These experiments were all performed in an electrolyte saturated in Al2O3, and
it has been shown in literature that the wettability decreases with decreasing Al2O3
content [12, 49]. In further work it would be interesting to investigate the effect of
isotropic coke content on the critical current density for the onset of the anode effect,
to determine whether the anodes become less vulnerable to the anode effect due to
the better electrolyte wettability of anodes containing isotropic coke as shown for high
Al2O3 content.
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4.4 Conclusion
Introduction of untraditional isotropic coke previously categorised as fuel grade coke,
into carbon anodes has been shown to have positive effects on the amplitude of
potential oscillations and on bubble screening of the anode surface in a laboratory
cell with pilot anodes made from 0-2 mm aggregate. As the potential oscillations
are reduced with only a small amount of isotropic coke blended in with a traditional
anisotropic coke, potential energy savings can be made in the aluminium industry in
terms of lower cell voltage (if these preliminary laboratory results can be conﬁrmed in
full scale operation). It is suggested that the porosity has some effect on the voltage
response and bubble screening for the 100 % isotropic coke anode and the graphite
anode. However, as the porosity patterns were similar for the rest of the pilot line
(0-49.0 % anodes), the experimental results cannot be understood only as an effect of
porosity, but should be related to the material properties. Differences in the observed
potential oscillation amplitudes and the bubble screening for the anodes in the test
series appear to correlate well with differences in wettability. Anodes containing
isotropic coke showed better wettability between anode and electrolyte, and they also
gave lower potential oscillation amplitudes and bubble screening compared to the
anode entirely made from anisotropic coke. Upon introduction of isotropic coke in
blends with various ratios to anisotropic coke, the very periodical voltage oscillation
seen for both graphite and the pure anisotropic coke broke down. The bubble build-up
pattern became more sawtooth-like, indicating a more irregular release of bubbles.
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5 The Effect of Baking and Mixing Temperatures on
the Performance of Carbon Anodes for Aluminium
Production
Abstract
Pilot scale anodes were produced using a coke aggregate consisting of a single source
petroleum coke with a maximum grain size of 2 mm. These were used to investigate
the effect of mixing temperatures and baking condition on physical parameters includ-
ing density, speciﬁc electrical resistivity, air permeability, air and CO2 reactivity, micro-
and macroporosity, real surface area before and after electrolysis, morphology and
structure of the electrode and electrochemical performance. The Mettler softening
point of the coal tar pitch used was 119.1 ◦C and the mixing temperatures chosen were
150 ◦C and 210 ◦C. The equivalent baking temperatures chosen were 1150 ◦E (under-
baking), 1260 ◦E (optimum baking) and 1350 ◦E (overbaking). Results show that a very
low mixing temperature affects the anode quality to a large extent in terms of density,
macroporosity, air permeability and speciﬁc electrical resistivity. The mixing stage was
more critical for the anode quality than the baking temperature. At the lowest mixing
temperature the anodes had a high number of large pores, due to insufﬁcient wetting
of the pitch towards the coke. It was shown that the electrochemically active surface
area was slightly larger for the low mixing temperature anodes, even if the electrolyte
does not penetrate into the largest pores. The overpotential measurements show
little difference between anode samples. Hence, in small scale laboratory electrolysis
experiments, the electrochemical performance of anodes made with varying baking
and mixing temperature was similar even though the anodes vary in speciﬁc electrical
resistivity.
5.1 Introduction
The aluminium industry utilises anodes produced from calcined petroleum coke
and a coal tar pitch binder for production of aluminium by electrolysis. High quality
anodes are crucial for maintaining stable production conditions in the electrolysis
cells [1, 2]. Speciﬁc properties of high quality anodes are a high density, low electrical
resistivity, low impurity level, low permeability and low air and CO2 reactivity. Thus,
optimization of the anode production is becoming more important. As discussed
in several papers [1, 3–6], the quality of coke and pitch is changing and in the future
it is expected that anodes will be produced from a wider range of coke qualities. In
order to continue to produce high density anodes, the optimum baking, mixing and
pitch levels have to be investigated and these parameters depend on the particular
choice of coke and pitch. Decreasing anode density will affect electrical resistivity,
permeability of the anodes, resistance to crack propagation and resistance to thermal
shock [6]. Poor quality, low density, anodes will also cause excess carbon consumption
and increase the risk of higher emission of greenhouse gases due to increased air and
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CO2 reactivity [7]. Furthermore, since the industry has moved towards increasing
amperage in aluminium plants and increasing current density, the need for good
quality anodes with a high apparent density is evident [6].
5.1.1 Mixing between Pitch and Coke
The ﬁrst step when producing anodes is to mix coke, butts and pitch; anodes are then
formed in the desired shape and ﬁnally baked at an elevated temperature. The mixing
stage has been suggested to be the most critical step of the three production stages, as
the initial interaction between coke and pitch has been shown to determine the ﬁnal
properties of the anode [8, 9]. These properties include thermal resistance, electrical
resistivity, crushing and mechanical strength [9–11]. Also, according to Auguie et al.
[12] a good anode is high in density, strong, low in speciﬁc electrical resistivity and has
miniumum reactivity during electrolysis (CO2). The authors state that an important
factor for making high quality anodes is good cohesion of pitch towards the coke. In
industrial scale anodes the target air permeability is usually well below 1 nPm [13].
At Dubal [14] anodes with an air permeability of 0.6 nPm have been demonstrated
by optimising the mixing stage, coke blending and anode recipe, clearly showing the
importance of these steps in anode production. High mechanical strength of the
anode is a result of high bond strength between binder pitch and petroleum coke
and, subsequently, good bond strength is a result of mechanical interlocking and
adhesion of the pitch to the ﬁller coke. To obtain good interlocking and adhesion,
the pitch has to wet and penetrate pores of the coke well. Hence, the mixing and
forming process is important for creating mechanically strong anodes [11]. However,
quantitative studies on the effect of mixing temperature towards parameters like
speciﬁc electrical resistivity, thermal resistance, density, mechanical strength and
permeability are scarce in the open literature.
Currently in industry, the standard procedure is to mix the pitch binder and the cal-
cined petroleum coke at a temperature≈50◦C above the softening point of the speciﬁc
pitch used [7]. The wettability of the pitch is related to the softening point, surface ten-
sion and viscosity. A common method used for investigating the wettability between
pitch and coke is by using the sessile drop test. This test measures the wetting angle
between a coke substrate and a pitch droplet upon heating. There are some obvious
shortcomings of this method. The coke substrate is ﬁnes only and the pitch droplet is
very small. Also, the temperature regime during heating is different compared with
the real mixing process.
Using the sessile drop method when investigating the pitch and coke wetting, it has
been shown that a higher temperature than +50 ◦C above the pitch softening point
may improve the wetting between the pitch and the coke giving a wetting angle much
closer to 0◦ [9], and thereby achieve better coke-pitch interactions. At higher mixing
temperatures, the viscosity of the pitchwill be lower and the penetration and spreading
of the pitch on the coke substrate is improved [9]. Mirchi et al. [5] and Rocha et al.
[15] also found that when increasing the mixing temperature, the wettability between
pitch and coke was increased. On the coke side the texture, particle size, porosity and
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Figure 5.1: Examples of wetting of three different pitches towards a coke substrate a) Per-
fectwettingwithpenetration. b)Wettingbutwithoutpenetration. c)Nowetting - theLotus
effect. Images are courtesy of Hydro Aluminium.
chemical functional groups on the surface will affect the wettability [15]. Longer hold
time at the mixing temperature is also beneﬁcial in order to lower the contact angle
between the pitch and the coke [9]. Increasing the mixing temperature also has the
advantage that it enables a decrease of the pitch level in the anodes during anode
production [16]. Figure 5.1 shows examples of pitch wetting toward a coke substrate
with three different pitches, perfect wetting with penetration of the pitch towards the
coke, wetting without penetration into the coke and poor wetting or the so-called
Lotus effect where no wetting is seen between the coke and the pitch upon heating.
Rocha et al. [8, 15] andCouderc et al. [10]used adrop spreading testwhen investigating
the wettability of pitch towards coke and it was found that the height of a pitch droplet
towards a coke substrate decreases sharply upon heating, due to softening of the pitch,
until it reaches a plateau. The temperature range at this plateau has been shown to
vary between different pitch types. A plateau is reached as cohesive forces are greater
than adhesive forces. When the temperature increases further, the adhesive forces
become stronger and the pitch sample height then decreases sharply with temperature
until full penetration of the coke is achieved. The softening of the pitch is determined
by the pitch surface tension, and the pitch viscosity determines the penetration of the
pitch into the coke particles [8, 15]. Sarkar et al. [9] found that a pitch containing high
amounts of oxygen and nitrogen showed the best wetting properties. They concluded
that the oxygen and nitrogen species present made the pitch more reactive towards
coke.
The carbon substrate also plays a role towards the degree of penetration of pitch [17].
Sarkar et al. [9] found that high porosity cokes showed better wettability towards
pitch, and that the chemical composition of the cokes played an important role in the
bonding efﬁciency between the two phases. A coke rich in highly reaction oxygen and
nitrogen surface groups such as CN, C-O and C=O, showed good wettability which was
attributed to the ability to form new chemical bonds with the C-C/C=C components
of the pitch. The coke that showed the poorest wettability towards pitch had high
quantities of carbon-sulfur bonds. An explanation for this reduced wettability was
that sulfur atoms on the surface of the coke can form intra or inter molecular hydrogen
bonds which make them unavailable for hydrogen bonding with pitch [9].
Wilkening [6, 18] suggested that, in order to decrease the mixing time and also decrease
the amount of crushing of large coke particles in the mixing process, a higher mixing
temperature of up to 300-350 ◦C should be used. Additionally, the wetting of the pitch
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on the coke substrate will be good at this temperature, and the end result will be better
anodes with higher apparent density, higher strength, and up to 20 % lower electrical
resistivity [6]. This will give better utilisation of the expensive pitch, and thus increase
the anode production efﬁciency. By using high mixing temperature, Wilkening claims
that a low mixing power will be needed.
5.1.2 Baking of Carbon Anodes
The carbonisation process of the pitch that takes place during the baking process
increases the strength and electrical conductivity of the anodes [7, 19]. 2/3 of the pitch
binder is transformed into coke, while 1/3 of the pitch is released as volatiles [13].
This carbonisation and volatilisation processes inevitably introduces porosity to the
anode. However, the density and homogeneity of the anodes can be controlled by
improved process control during the baking process. Good process control is achieved
by designing baking furnaces with good temperature control, low ΔT throughout
the furnace, and by reducing the heating rate [20, 21]. However, it is important to
avoid overbaking in order to avoid desulfurisation of the anode [21]. Control of the
baking heat treatment is not straight forward. Hydro uses the method of equiva-
lent temperature as standard for measuring the baking temperature or baking level
when producing anodes. Equivalent temperature (unit ◦E) is a measure of the level
of calcination equivalent. The calcination equivalent is meausured in terms of the
crystallographic parameter Lc , with a two hour heat treatment at a given temperature
[22, 23]. Hence, the equivalent temperature is a function of both the temperature
the sample sees, as well as the time it is exposed to this temperature. The method
is described by the ISO standard (ISO 17499). Lc measurements of a reference coke
that has been ﬁred at various temperatures (e.g. 1050-1400 ◦E) for two hours provide a
calibration curve for this speciﬁc reference coke [22]. Other anode producers may use
other techniques like speciﬁc resistivity measurements, or multiple thermocouples to
determine the baking level [20, 24].
Previously, the industry has experienced problems with anode quality (excess anode
consumption and anode cracking) when increasing the amperage in the potroom [20,
25] and these problems could partly be solved through optimisation of the baking
process. Jentoftsen et al. [26] observed a correlation between baking temperature,
dust index and current efﬁciency in industrial electrolysis cells. An optimum baking
temperature was determined to be approximately 1220-1250 ◦E. The anodic current
efﬁciency dropped for anodes baked at low temperatures. However, Jentoftsen et al.
do not mention whether any other changes took place in the production line in this
speciﬁc time period e.g. mixing temperature alterations, pitch and coke quality.
Thebinder phase is thought to bemore reactive to air andCO2 than the cokephase, and
means of reducing the reactivity of the anode are suggested by reducing the difference
in reactivity between thebinderphase and the cokephase [21, 27]. This canbeobtained
by using under-calcined coke, as a less ordered coke will also have a higher reactivity.
Using under-calcined coke will give a more heterogeneous transition between coke
and binder phase during the baking process, and a lower difference in reactivity
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between the phases will be obtained. A more homogeneous anode is then produced
and the tendency of the binder phase to be preferentially consumed during electrolysis
decreases. One issue with using under-calcined coke is a reduction in anode density.
However, industrial experiments showed that the carbon consumption (both air and
CO2 reactivity) of anodes produced with under-calcined coke was reduced compared
with the reference anodes produced with standard calcined coke, despite the fact that
the density of the baked anodes were slightly less [27].
5.1.3 The Effect of Sulfur Content in Carbon Anode Production
The sulfur content in petroleum cokes depends on the crude oil feedstock [28]. High-
resin asphaltene feedstocks produce sponge cokes with a higher sulfur content com-
pared to “honeycomb” coke. Most sulfur in coke structuresmainly occurs in an organic
form, bound to the carbon matrix, with thiophenes as the most likely abundant form
[28, 29]. According to Ibrahim and Morsi [28], sulfur may exist as:
• Tiophenes bound to the organic carbon skeleton
• Naphtalenic or aromatic molecules attached to side chains
• Clustered molecules or between aromatic sheets
• Adsorbed, chemisorbedor condensedmatter in cokeporesor on the coke surface
At coke calcining temperatures up to 850 ◦C, sulfur in pores will be lost through des-
orption, and cracking of side chains. Between 850-1300 ◦C very little sulfur is lost. At
temperatures above 1300 ◦C, decomposition of sulfur hydrocarbons such as thiophene
start to occur [28, 29]. Desulfurisation will cause micropores (typically<1μm2) to form,
and this may give excessive carbon consumption through increased air reactivity [13,
31]. However, the critical temperature for desulfurisation of a coke is variable and it
can be as high as 1400-1500 ◦C [29]. The initial sulfur concentration in the coke may
determine the desulfurisation process and real density measurements of calcined coke
indicate that high sulfur cokes show decreasing real density at calcining levels above
1600 K (so-called “pufﬁng”), while low sulfur cokes show an increase in real density
[28]. This indicates that low sulfur cokes do not necessarily see a “pufﬁng” effect with
increased microporosity due to desulfurisation even at these high temperatures.
For anodes, the rate of desulfurisation is generally constant, and a critical desulfurisa-
tion temperature is not seen. The desulfurisation process is also dependent on the
hold time at the elevated temperature, and increasing hold time increases the rate of
desulfurisation [29, 32]. Vogt, Ries and Smith [32] found that the resulting porosity
of two anode samples varied with the baking process, even though the anodes had
similar sulfur loss. One anode baked at 1150 ◦C with a holding time of 80 hrs lost 0.25 %
2Note that the IUPAC deﬁnition of porous materials deviate from the deﬁnition used in aluminium
industry for microporosity: Microporous materials have pore diameter <2 nm, mesoporous materials
have pore diameter in the range 2-50 nm and macroporous materials have pore diameters >50 nm [30].
This deﬁnition is not applied here. There is no consensus on the deﬁnition of microporosity within
aluminium industry, although in the present work a deﬁnition for microporosity will include pores with
diameter <1 μm, corresponding to the deﬁnition in [31].
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sulfur compared with an anode baked at the same temperature but with a hold time
of 20 hrs. The resulting porosity was 161 mm3/g for the anode baked at 1150 ◦C and a
holding time of 80 hrs. Another anode was baked at 1220 ◦C with a hold time of 20 hrs,
also lost 0.25 % sulfur compared with the anode baked at 1150 ◦C and with a hold time
of 20 hrs. However, the second anode had porosity of 155 mm3/g. These results show
that it is important how the sulfur is lost and not just the total amount of sulfur lost.
Density measurements showed that shorter hold time at elevated temperatures lead to
better anode properties irrespective of peak baking temperature [32]. Also, in general it
has been found that the onset temperature for desulfurisation in high, normal and low
sulfur cokes are the same, but the rate of desulfurisation is higher in high sulfur cokes
than in normal and low sulfur cokes, respectively [29, 31]. Lossius et al. [31] found
that for a low sulfur coke with 1 wt% sulfur hardly any desulfurisation was observed
during baking. Edwards et al. [29] discusses that desulfurisation is a challenge for
high calcined coke, as these cokes will desulfurise even more in the baking process
compared to low calcined cokes. This was explained by sulfur-carbon structures being
interrupted during the coke calcining process at high calcining temperatures. This
will then cause further desulfurisation in the baking furnace.
As described above, the mixing temperature and the baking level (through desulfurisa-
tion and calcination and volatilisation of pitch) will affect the porosity of an anode.
Higher porosity increases the real surface area of an anode. However, the real sur-
face area is not necessarily the same as the electrochemically active surface area as
has been shown qualitatively in Sommerseth et al. [33]. Here it was shown by X-ray
computed tomography that even large pores in anodes were not penetrated with
electrolyte when a frozen image of the electrode during electrolysis in a cryolitic melt
was created, indicating that this internal pore surface area did not contribute to the
electrochemically active surface area.
5.1.4 Purpose of this Work
In this work a range of anodes was prepared using the same recipe, and the same
petroleum coke and industrial grade coal tar pitch. The factors varied during the pilot
anode production were the equivalent baking temperature and the mixing temper-
ature. Anodes were made with both a low mixing temperature of 150 ◦C compared
to industrial standard (30 ◦C above the softening point of the pitch used) and a high
mixing temperature of 210 ◦C (90 ◦C above the pitch softening point). The anodes were
baked at various temperatures of 1150 ◦E, 1260 ◦E and 1350 ◦E. 1260 ◦E is the target
equivalent baking temperature when producing anodes set by Hydro Årdalstangen for
this speciﬁc coke. Thus, 1150 ◦E is deﬁned as underbaked and 1350 ◦E is deﬁned as
overbaked where desulfurisation might be initiated [25, 31]. The purpose of the work
was to investigate the effect of the mixing and baking temperature on the morphology
and hence the physical properties of the anodes, like density and porosity. Further-
more, the electrochemical performance of the anodes was compared in lab-scale
electrolysis experiments. Computed tomography was used for non-intrusive investi-
gations of the internal morphology of the anodes before and after electrolysis, and
similarly 3D optical microscopy was used to study changes in the surface morphology.
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5.2 Materials and Methods
5.2.1 Pilot Anode Materials and Electrolyte
Pilot scale anodes (Ø = 130 mm, h = 180 mm) were produced by Hydro Aluminium
from a single source industrial sponge type petroleum coke of anisotropic character
and an industrial grade coal tar pitch. The particle size of the aggregate was 0-2 mm
and this particle size was chosen to ensure a representative and fairly homogeneous
surface of the area of the anode exposed in laboratory scale experiments. The recipe for
producing the anodeswas the same throughout the series andwasbasedoncombining
1-2 mm, 0-1 mm and a ball mill dust fraction. Two different mixing temperatures were
used: 150 ◦C and 210 ◦C, and three different equivalent baking temperatures were
used: 1150 ◦E, 1260 ◦E and 1350 ◦E. A graphite material from Svensk Specialgraﬁt AB
(Ultrapure gradeCMG)was used for comparison. Thepitchbinder used for production
of the anodes had a Mettler softening point of 119.1 ◦C and a QI level of 7.8 %.
The electrolyte used when performing electrolysis was a cryolitic melt with a molar
ratio of NaF to AlF3 of 2.3 and saturated in aluminium oxide. The cryolite was a
standard cryolite from Sigma Aldrich (>97 % purity) with an excess of AlF3 of 9.8 wt%
(industrial grade, sublimed in-house) and 9.4 wt% γ-Al2O3 from Merck. The same
electrolyte composition was used in all electrochemical experiments.
5.2.2 Physical Analysis
The anodes were characterised using industry ISO methods for density (ISO 12985-
1:2000), speciﬁc electrical resistivity (SER) (ISO 11713:2000), permeability (in house
method at Hydro comparable to ISO 15906:2007) and coefﬁcient of thermal expan-
sion (ISO 14420:2005, but the temperature range was extended to 300-700 ◦C and a
sample size of 20 mm diameter and 75 mm height). Air and CO2 reactivity tests were
performed using in-house methods developed at Hydro Aluminium similar to ISO
12989-1 and ISO 12988-1, respectively. Additionally, metal and sulfur impurities in
the carbon anodes were characterised using X-Ray ﬂuorescence (XRF). The methodol-
ogy is described in ISO 12980:2000. All these tests were performed as part of routine
characterisation at Hydro Aluminium Årdalstangen.
5.2.3 Porosity and Texture
A Micromeritics AutoPore IV 9500 Mercury Porosimeter was used in order to measure
microporosity of the carbon anode samples. Bulk samples of ∼2.2 g were ﬁlled with
Hg at pressures 0.50-60000 psia (3.45·103-4.14·108 Pa) and the amount of intruded Hg
was correlated to the microporosity ranging from 0.003-360 μm in pore diameter [34].
Porosity and microstructure of the anodes were also investigated through optical
microscopy. 10 mm cores of anode samples were mounted in epoxy resin under
vacuum(Epoﬁx two-component epoxywithEpodye greenﬂuorescent dye fromStruers,
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Denmark). When set, samples were ground and polished stepwise down to 1 μm and
studied in an optical microscope. For porosity measurements a selective ﬁlter that
only included wavelengths equal to blue light or shorter was used. A ﬂuorescent light
was produced when using this ﬁlter (named B5). The ﬁlter ensured a good contrast
between the pores ﬁlled with epoxy resin and the carbon sample. 192 individual
images of each sample was taken and then “stitched” together to give an image of
the entire surface. The magniﬁcation of the measurement was x100. Custom written
macros to the NIH image software were used and the procedure to analyse the porosity
from ﬂuorescent images followed the work of Rørvik and Øye [35].
When analysing the texture of the anodes another macro written for the NIH software
was used in order to characterise the anodes in terms of both mosaic index and ﬁber
index [36]. The mosaic index and ﬁber index can be related to the degree of isotropy
and anisotropy. A magniﬁcation of x250 was used and a representative area of the
samples (192 images stitched together) was investigated under polarised light.
5.2.4 X-Ray Computed Tomography
X-ray computed tomography (CT) was used to investigate qualitatively the pore distri-
bution and structure on surface and interior of the anode samples. It was also used to
investigate electrolyte distribution on the anode surface during electrolysis; a “frozen
image” of the anode sample during electrolysis was created by pulling the sample out
of the electrolyte with the current on (hot-pulling), and quickly cooled, before imaging.
The method of hot-pulling has also been described elsewhere [33]. Multiple tomo-
graphs were recorded through cross-sections of the entire sample (height = 5 mm)
creating a 3D image of the entire sample.
The anode design and the electrolysis cell used for CT scanned samples are shown
in Figure 5.2. This experimental setup is similar to the one described elsewhere [37,
38]. The anodes were scanned before and after electrolysis at 1.0 A/cm2 for 1800 s.
The walls of the graphite crucible acted as the cathode and the bottom of the crucible
was shielded using an alumina disk. This was done in order to ensure fairly straight
current lines toward the crucible wall.
5.2.5 Confocal Microscopy for Surface Analysis
A simple rod shaped anode assembly was used for surface roughness investigations.
Cores of 10 mm were drilled from the pilot anodes and the horizontal surface area was
ground step-wise down to P#4000 using SiC paper. The horizontal circular surface
area was investigated in terms of surface roughness using a confocal microscope
(Inﬁnitefocus from Alicona 3D). Multiple images were recorded and then “stitched
together” in order to create one image of the entire sample. The instrument measured
projected surface area and true area by including the area in voids and pores. The
ratio between true area over projected area (TA/PA) was reported. The resolution
was 410 nm and the total area scanned was 0.785 cm2. Electrolysis was performed on
the samples in an electrolyte, with the same composition as previously described, for
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Figure 5.2: Electrochemical experimental setup used when electrolysing samples for CT
scanning and during general electrochemical testing. All measures indicated in the ﬁgure
are in mm. a) Vertical anode assembly. b) A principle sketch of the electrolysis cell used
with the aluminium reference electrode, the graphite crucible acting as the cathode, the
vertical anode assembly and the electrolyte.
25 mins at 1.0 A/cm2. The remaining electrolyte on the anode surface was removed in
a solution saturated in AlCl3, and the horizontal end surface was then analysed in the
confocal microscope to investigate the post-electrolysis surface roughness.
5.2.6 Electrochemical Measurements
All electrochemical tests were performed using a Zahner IM6 potentiostat with built in
electrochemical impedance spectroscopy (EIS) module. The potentiostat had a PP201
20 A booster from Zahner-Elektrik.
The anodes were tested electrochemically by chronopotentiometry, EIS and cyclic
voltammetry (CV). In all electrochemical experiments, the carbon anode was the
working electrode, the graphite crucible walls acted as the counter electrode and
potentials were measured towards an in-house produced aluminium reference elec-
trode as described in [39]. The aluminium reference electrode is further described
in Appendix A. All potentials in this chapter are quoted with respect to aluminium.
The anode setup and laboratory electrochemical cell used are shown in Figure 5.2.
The vertical anode setup will minimise bubble noise from CO2 gas formed during
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electrolysis, as previously shown [37]. The graphite connector, boron nitride (BN)
shields and carbon anode were threaded on a Ø = 3 mm graphite rod that ensured
electrical contact from the stainless steel current connector bar to the anode sample.
The anodes were investigated by preconditioning by electrolysing at 1.0 A/cm2 for
200 s. Then chronopotentiometry was performed at 1.0 A/cm2 for 200 s and the data
reported in this paper is the average of the potential response for the last 50 s. The
potential has then been IR corrected using the series resistance (RS ), obtained by EIS
at open circuit potential (OCP) and extracted from Nyquist plots (i.e. ZRe at intercept
when ZIm is zero).
EIS spectrawere collected for the anodematerials at an applied voltage of 1.5 V (non-IR
corrected) in the frequency range 100 000–0.1 Hz. The amplitude was 50 mV. The EIS
spectra have been modelled using two circuits: the simple LR(CR) circuit and the more
complex LR(Q(R(LR))) circuit as described by Harrington and Conway [40], except that
the ideal double layer capacitance has been replaced by a constant phase element, Q
(or often denoted as CPE). These circuits are further explained in Appendix C. In [40],
this equivalent circuit was derived for a general reaction sequence involving interme-
diately adsorbed species. Introduction of the constant phase element is reasonable,
since the anodes studied here have a relatively high surface roughness [41]. The simple
LR(CR) circuit is used to extract data for the double layer capacitance (Cd l ) directly,
while the LR(Q(R(LR))) circuit was used to extract Cd l indirectly by approximating the
effective capacitance on the surface (Ce f f ,s ur f ) using Equation 5.1 below (same as
Equation 15 in Orazem et al. [42], developed for faradaic systems).
Ce f f =Q
1/α

Rs (RCT1 +RCT2)
Rs +RCT1 +RCT2
(1−α)/α
(5.1)
In Equation 5.1, RS , RCT1 and RCT2 are the series resistance, the ﬁrst charge-transfer re-
sistance and the second charge-transfer resistance, respectively. α is the dimensionless
constant phase element exponent.
Cyclic voltammetry (CV) was performed at a slow scan rate of 100 mV/s. Three con-
secutive scans were recorded. Experience with the electrochemical setup has shown
that the results obtained at this slow scan rate is comparable to polarisation curve
measurements. The cyclic voltammograms may thus be assumed to provide informa-
tion on the charge transfer resistance/electrochemical activity of the electrodes, as a
supplement to the chronopotentiometric measurements.
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5.3 Results
5.3.1 Physical Properties of the Anodes
Table 5.1 shows the physical parameters of the anode materials varying in baking and
mixing temperatures. In Table 5.1 LM-HB, LM-MB, LM-LB-A andLM-LB-Bdenotes the
anodes made with low mixing temperatures (LM, 150 ◦C) and high (1350 ◦E), medium
(1260 ◦E) and low (1150 ◦E) baking temperatures, respectively. A and B are replicates
of pilot anodes made with low mixing and baking temperatures. Similarly, HM-HB,
HM-MB and HM-LB denote anodes made with high mixing temperature (HM, 210 ◦C)
and high (1350 ◦E), medium (1260 ◦E) and low (1150 ◦E) baking temperatures. This
labelling system will be used consistently throughout this paper.
Table 5.2 shows impurity levels for a baked anode made from the same coke and pitch
as the anodes in this study determined by X-ray ﬂuorescence (XRF). This anode was
mixed at 168 ◦C and baked at 1230 ◦E (IM-MB).
Table 5.1: Physical properties of the anodes. SER = Speciﬁc el. resistivity, Perm. = Perme-
ability, CTE = Coefﬁcient of thermal expansion and CO2 and air reactivity.
Anode Tbaking Tmi x Density SER Perm. CTE RCO2 RAi r
◦E ◦C g/cm3 μΩm nPm μm/mK mg/cm2h mg/cm2h
Graphite N/A N/A 1.771 12.7 0.20 N/A 2.5 0.3
LM-HB 1350 150 1.554 60.4 3.18 4.00 18.5 29.8
LM-MB 1260 150 1.526 65.1 5.31 3.93 17.5 46.3
LM-LB-A 1150 150 1.502 73.4 6.88 4.10 14.7 41.5
LM-LB-B 1150 150 1.552 64.3 4.09 3.96 12.1 37.5
HM-HB 1350 210 1.598 57.4 1.66 4.03 16.5 26.9
HM-MB 1260 210 1.576 59.7 1.40 4.07 15.0 47.9
HM-LB 1150 210 1.584 60.3 1.27 4.12 13.0 48.1
Table 5.2: Impurity levels obtained by XRF for graphite and a baked anode made from the
same coke and pitch as the ones in this study (IM-MB).
Anode Na Si P S Ca V Fe Ni Zn Pb
ppm ppm ppm % ppm ppm ppm ppm ppm ppm
Graphite 9.5 10.0 1.0 0.0 11.0 1.0 25.0 3.0 1.0 1.0
IM-MB 55.5 108 11.0 0.9 24.5 69.5 287 44.5 5.0 7.0
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5.3.2 Porosity and Texture
The porosity distribution in the anodes was measured by optical microscopy and Hg
porosimetry. Figure 5.3 shows porosity images at a magniﬁcation of x100 obtained by
optical microscopy of anodes with varying mixing and temperature regimes. 10 mm
anode samples were mounted in ﬂuorescent epoxy. The epoxy created a good con-
trast between the carbon sample and the voids of the pores, making the pores easily
detectable by using a ﬁlter that enhanced this contrast. Black spots in the images
represent closed pores that were not possible to ﬁll with epoxy. The ﬁgure shows the
anode samples with ﬂuorescent epoxy resin ﬁlling the pores and it can be seen that
LM-LB-A and LM-LB-B anodes have a large network of open porosity. Also the LM-HB
and LM-MB anodes have a larger network of open porosity than the high mixing tem-
perature anodes. Microporosity was measured using Hg porosimetry and the results
from these tests shown in Figure 5.4. Figure 5.5 shows porosity measurements of the
anodes vs. diameter of the pores obtained by optical microscopy.
Figure 5.6 shows ﬁber index and mosaic index of the anodes. Texture analysis of the
samples was performed in the optical microscope by investigation of the samples
under polarised light at a magniﬁcation of x250 and using the NIH software, modiﬁed
by Rørvik et al. [36] to determine the texture. The average ﬁber index and mosaic index
were measured as an average of 192 frames; these parameters relate to the alignment
and ﬁneness of optical domains. The 192 frames did not cover the entire surfaces of
the samples, but tests have shown that the average ﬁber index and mosaic index do
not change above 100 frames [36]. Hence, 192 frames give a representative texture
image of the sample surface (total sample area of 4.6x4.6 mm2 randomly spread out
on the anode surface).
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Figure5.4: Differential intrusionofmercury intopores vs. pore sizediameter. Results from
one parallel per anode material, except for anode HM-HB where the average of the two
parallels is shown.
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Figure 5.5: Porosity vs. pore diameter size obtained by optical microscopy. The results are
averages between two or four parallels.
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Figure 5.6: Mosaic index and ﬁber index of the anodes obtained by optical microscopy
under polarised light. Results are shown for two parallels.
5.3.3 X-Ray Computed Tomography
Theeffects ofmixing andbaking temperatureon the internalmorphologyof the anodes
were studied by computed tomography (CT), and images of the anodes varying in
baking and mixing temperature are shown in Figures 5.7-5.13. The images show the
same cross-sections of the interior of the anodes before and after electrolysis for
1.0 A/cm2 for 30 mins.
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(a)
(b)
Figure5.7: CT imagesofan interior cross-sectionof theanodesbeforeandafterelectrolysis.
a) and b) show anode LM-LB-A parallels 1 and 2, respectively.
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(a)
(b)
Figure5.8: CT imagesofan interior cross-sectionof theanodesbeforeandafterelectrolysis.
a) and b) show anode LM-LB-B parallels 1 and 2, respectively.
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(a)
(b)
Figure5.9: CT imagesofan interior cross-sectionof theanodesbeforeandafterelectrolysis.
a) and b) show anode LM-MB parallels 1 and 2, respectively.
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(a)
(b)
Figure 5.10: CT images of an interior cross-section of the anodes before and after
electrolysis. a) and b) show anode LM-HB parallels 1 and 2, respectively.
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(a)
(b)
Figure 5.11: CT images of an interior cross-section of the anodes before and after
electrolysis. a) and b) show anode HM-LB parallels 1 and 2, respectively.
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(a)
(b)
Figure 5.12: CT images of an interior cross-section of the anodes before and after
electrolysis. a) and b) show anode HM-MB parallels 1 and 2, respectively.
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(a)
(b)
Figure 5.13: CT images of an interior cross-section of the anodes before and after
electrolysis. a) and b) show anode HM-HB parallels 1 and 2,respectively.
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5.3.4 Surface Roughness Determined by Confocal Microscopy
Figure 5.14 shows the ratio of true area over projected area (geometric 2D area) (TA/PA)
for the anodes varying in baking and mixing temperature. The investigated area on the
anodes was the horizontal circular area of cores of 10 mm that had been ground with
SiC down to P#4000 (squares). Circle points show TA/PA on the same anode samples
after they had been electrolysed for 25 mins at 1.0 A/cm2 and the electrolyte had been
removed by soaking in a solution saturated with AlCl3. The true area/projected area
measurement of one of the HM-HB sample after electrolysis is considered an anomaly.
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Figure 5.14: Ratio of true area over projected area obtained by confocal microscopy on
freshly cut samples ground with SiC paper down to P#4000 (squares) and electrolysed sam-
ples (circles) at 1.0 A/cm2 for 25 mins. The low and high mixing temperature anodes have
been “boxed” together, respectively.
Figures 5.15 and 5.16 show some examples of images collected from the confocal
microscope of anodes LM-MB and HM-MB, respectively. In both Figures 5.15 and
5.16, a) and c) show the before and after electrolysis images of the surface of the anode,
parallel 1. The images are “stitched together” to show the entire surface of the anode
(Ø=10 mm). b) and d) show contour images of the anode surface before and after
electrolysis. Images e)-h) show the same as previously described for parallel 2.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 5.15: Confocal microscopy images for anode LM-MB. a) Microscopy image before
electrolysis parallel 1. b) Contour imagebefore electrolysis parallel 1. c)Microscopy image
after electrolysis parallel 1. d) Contour image after electrolysis parallel 1. e) Microscopy
image after electrolysis parallel 2. f ) Contour image before electrolysis parallel 2. g) Mi-
croscopy image after electrolysis parallel 2. h) Contour image after electrolysis parallel 2.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 5.16: Confocal microscopy images for anode HM-MB. a) Microscopy image before
electrolysis parallel 1. b) Contour imagebefore electrolysis parallel 1. c)Microscopy image
after electrolysis parallel 1. d) Contour image after electrolysis parallel 1. e) Microscopy
image after electrolysis parallel 2. f ) Contour image before electrolysis parallel 2. g) Mi-
croscopy image after electrolysis parallel 2. h) Contour image after electrolysis parallel 2.
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5.3.5 Electrochemical Measurements
Figure 5.17 shows results fromchronopotentiometry at 1.0A/cm2 measured for graphite
and anodes LM-LB-B, HM-MB and HM-HB. The results are averages of the potential
w.r.t. Al for the last 50 seconds of a 200 s measurement taken once the measurement
had stabilised. Chronopotentiometry was performed on two parallels of each sample
on the same melt in the same day. Figure 5.18 shows the second forward polarisation
curves out of three consecutive forward and backward scans with a slow sweep rate
of 0.1 V/s for the same anodes as shown in Figure 5.17. Figure 5.19 shows anode
polarisation curves from a duplicate run of anodes LM-LB-A, LM-MB, LM-HB, HM-LB,
HM-MB and HM-HB. It should be noted that the potentials were all lower in Figure
5.19 compared to the potentials reported in Figure 5.18, which is related to the use
of a reference electrode which had been left in the melt for more than one day. The
reference electrode was stable, but there is a shift in the potential related to changes
in the electrode/electrolyte interface. Similar shifts in potential between days was
found during reference electrode testing as described in Appendix A. Still, the relative
differences between the anode may be assumed to be reasonable accurate.
Figure 5.20 shows the raw data from the electrical impedance spectroscopy (EIS)
(black line and circles) together with the results from the ﬁtting to the LR(CR) (red)
and LR(Q(R(LR))) (blue) eqivalent circuits. For the ﬁts to the LR(CR) circuit, only raw
data in the frequency range 100000-39.53 Hz were included, excluding the inductive
loop at the very low frequencies.
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Figure 5.17: Chronopotentiometry measurements at 1.0 A/cm2 for anodes varying in mix-
ing and baking temperature. Graphite anodes were used as anode reference material.
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Figure 5.18: IR corrected polarisation curves of graphite and anodes LM-LB-B, HM-MB
and HM-HB. The second forward scan of three consecutive forward and backward scans
is shown for each anode.
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Figure5.19: IR correctedpolarisationcurvesof graphite andanodesLM-LB-A, LM-MB,LM-
HB, HM-LB, HM-MB and HM-HB. The second forward scan of three consecutive forward
and backward scans is shown for each anode.
114




	


















	














	

 
 
 
 
 





	














	



	



	

 
 
 
 
 




Figure 5.20: Raw data from EIS at 1.5 V (non-IR corrected) and LR(CR) and LR(Q(R(LR)))
modelled circuits for the corresponding raw data.
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Tables 5.3 and 5.4 show the parameters for inductance, L, series resistance, RS , double
layer capacitance, Cd l , charge transfer resistance, RCT , constant phase element, Q, and
the dimensionless constant phase element exponent, α, obtained when modelling
the EIS equivalent circuits LR(CR) and LR(Q(R(LR))), respectively.
The impedance spectras were recorded at 1.5 V non-IR corrected, and the IR corrected
potentials are slightly lower than 1.5 V. The small variations in current density will
affect the charge transfer resistance (RCT ) to some extent, as can be seen in Tables 5.3
and 5.4.
In Table 5.5 the elevated capacitances based on the simple LR(CR) circuit and the
more complex LR(Q(R(LR))) circuit are compared. Equation 5.1 was used to calculate
the effective capacitance from the constant phase element, Q. Note that in Table 5.5
the double layer and effective capacitance have been divided by the area of the anode.
Table 5.3: The parameters obtained by ﬁtting of the EIS results by the equivalent circuit
LR(CR).
Anode V i L RS Cd l RCT
IR corr.
V A/cm2 H Ω μF Ω
LM-LB-B 1.47 0.10 2.54·10−7 0.25 371 0.35
LM-LB-B 1.46 0.11 2.71·10−7 0.25 369 0.33
HM-MB 1.47 0.09 2.93·10−7 0.24 279 0.38
HM-MB 1.47 0.10 2.84·10−7 0.24 269 0.37
HM-HB 1.47 0.10 2.39·10−7 0.21 341 0.35
HM-HB 1.47 0.09 2.88·10−7 0.25 213 0.43
Table 5.4: The parameters obtained by ﬁtting of the EIS results by the equivalent circuit
LR(Q(R(LR))).
Anode V i L RS Q α RCT1 Lad s RCT2
IR corr.
V A/cm2 H Ω μF Ω H Ω
LM-LB-B 1.47 0.10 2.80·10−7 0.23 1928 0.80 0.32 2.87·10−3 0.09
LM-LB-B 1.46 0.11 3.00·10−7 0.23 2182 0.79 0.30 2.40·10−3 0.08
HM-MB 1.47 0.09 3.13·10−7 0.22 898 0.86 0.33 2.91·10−3 0.09
HM-MB 1.47 0.10 3.03·10−7 0.23 799 0.87 0.31 2.69·10−3 0.09
HM-HB 1.47 0.10 2.70·10−7 0.19 1976 0.79 0.34 3.79·10−3 0.07
HM-HB 1.47 0.09 3.05·10−7 0.24 511 0.90 0.36 2.90·10−3 0.10
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Table 5.5: Capacitance results from electrical impedance spectroscopy using two different
models: LR(CR) and LR(Q(R(LR))).
Anode V i Cd l Ce f f
IR corr. LR(CR) LR(Q(R(LR)))
V A/cm2 μF/cm2 μF/cm2
LM-LB-B 1.47 0.10 244 170
LM-LB-B 1.46 0.11 243 164
HM-MB 1.47 0.09 183 143
HM-MB 1.47 0.10 177 141
HM-HB 1.47 0.10 224 145
HM-HB 1.47 0.09 140 117
5.4 Discussion
The effect of mixing and baking temperature has been investigated by physical tests,
porosity and electrochemical measurements. As shown in Table 5.1, density, speciﬁc
electrical resistivity and permeability were strongly affected by the mixing tempera-
tures. Higher density and lower electrical resistivity was obtained at higher mixing
temperatures. The variation between samples with low mixing temperature is likely
due to inhomogeneity caused by a too low mixing temperature. This is in good agree-
ment with the results obtained by Wilkening who found that anode density affects
properties of the anodes like electrical resistivity, air permeability, resistance to crack
propagation and resistance to thermal shock [6, 18]. The air permeability is strongly
reduced when the mixing temperature increases, although, the air permeability mea-
sured for the high temperature mixing anodes is still not up to industrial standard
when comparing with literature values in e.g. [13, 14]. This is most likely due to a
non optimised recipe for anode production in terms of pitch content and the ratio
between coarse grains and ﬁnes. Baking temperature seems to have an effect on dust
index and air and CO2 reactivity as shown in Table 5.1. This is also in accordance
with results reported in the literature [25, 26]. Air reactivity increases with decreasing
baking temperatures while CO2 reactivity shows the opposite trend. Coefﬁcient of
thermal expansion is not affected by production parameters, as CTE is rather affected
by the raw materials [1]. Also, for the low mixing temperature anodes, the baking
temperature appears to affect both the density, SER and air permeability. A higher
baking temperature compensates to some extent for the poor mixing temperature.
There is no effect of baking temperature for the high mixing temperature anodes.
Impurity levels obtained from X-ray ﬂuorescence spectroscopy (XRF) analysis are
shown in Table 5.2, and the results show that the anodes are low in almost every
impurity commonly present in carbon anodes, including sulfur, vanadium, silicon
and phosphorus. Worth noting is the low sulfur content of less than 1 %. XRF was
performed on an anode produced at an intermediate mixing temperature (168 ◦C) and
medium baking temperature (1260 ◦E), but only the level of sulfur could possibly be
affected by the baking. The metallic impurities will remain in the anode under these
conditions. Hg porosity measurements presented in Figure 5.4 indicate that very little
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sulfur has been lost even for the high baking temperature anodes as these do not show
an increase in microporosity (<1 μm) [31] compared with the other anodes baked at
lower temperatures. This indicates that desulfurisation has not happened from this
low sulfur coke to a large extent since no “pufﬁng” effect and increased microporosity
is observed, even at equivalent baking temperatures that are considered as overbaking
(1350 ◦C) [28, 29]. The results here also support the ﬁndings in [31]. The slight increase
in porosity seen for all samples in the range 0.003-0.01 μm in Figure 5.4 is most likely
due to compression of the anode sample due to high pressure during experiment,
rather than a real increase in porosity.
Both porosity analysis by optical microscopy and Hg porosimetry only detect open
porosity. Any closed porosity is not reported. Porosity analysis by optical microscopy
differs from Hg porosimetry as the software identiﬁes the maximum diameter of each
pore. Hg porosimetry on the other hand, is a “minimum pore” size analysis since it
measures the pressure needed to penetrate into a pore [35]. If the pore has a large open
volume, but a bottleneck entrance, a higher pressure is needed for pore penetration.
This also explains why the results differ between the two porosity measurement meth-
ods, to a certain extent. Pores measured by Hg porosimetry on the anode samples will
be underestimated and the peaks seen at about 4-7 μm are likely to correspond to the
peaks at 15 μm in optical microscopy porosity analysis. These peaks correspond to
the pores between ﬁnes. The peaks at 20-30 μm in Figure 5.4 and 30-100 μm in Figure
5.5 correspond to the calcining pores, appearing when volatiles are being released
from pitch during baking and larger pores between ﬁnes. The peaks at about 100 μm
(Figure 5.4) and 200-600 μm (Figure 5.5) are inhomogeneity pores appearing due to
the non-ideal low mixing temperature. These peaks are much more evident for the
low mixing temperature anodes, compared with the high mixing temperature anodes.
It is not apparent why the two parallels of the HM-HB anode show a much larger peak
at 20-30 μm in Figure 5.4 than the other samples. This ﬁnding is partly supported
by the optical microscopy porosity analysis in Figure 5.5 where a rather high peak is
observed for the HM-HB sample at 30-100 μm. The peaks seen at about 200-600 μm
in Figure 5.5 are pores appearing due to non-ideal mixing temperatures which result
in inhomogeneous anodes, as only the low mixing temperature anodes have these
peaks. These pores are highly visible in the CT images and will be discussed further
below.
In Figure 5.4 graphite is shown as the dashed line and appears to have pores only in
the range of 0.4-1 μm. This is due to the way ultrapure graphite is produced: carbon
particles are crushed down to a certain grain size, puriﬁed and then pressed together
at such a high pressure that grains melt together. The pores present are those that
arise between corners of each of these graphite grains and since these pores are
fairly spherically shaped, the reported pore size is most likely very accurate. Porosity
measurements were not performed on graphite by optical microscopy analysis due to
difﬁculties in epoxy penetration of the very small pores in the graphite sample.
A summary of the texture analysis is shown in Figure 5.6 and it can be seen that the
texture of the anodes were similar to each other throughout the entire anode series,
as expected, as the range of baking temperatures applied are not likely to induce
signiﬁcant structural changes in the cokes.
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X-ray computed tomography (CT)wasused inorder to investigate theanode/electrolyte
interaction, as well as the interior of anode samples before and after electrolysis at
1.0 A/cm2 for 30 mins. The anode samples were hot-pulled from the electrolyte with
current still on and quickly cooled. This was done in order to create a frozen image of
what the anode and electrolyte looked like during electrolysis. A selection of features
of the anodes are shown in the tomographs presented in Figures 5.7-5.13. The tomo-
graphs show the non-electrolysed sample alongwith the same sample after electrolysis
and at the same rotation. In general, it can be seen that the network of open porosity in
the low mixing temperature anodes are much higher than the high mixing temperature
anodes. The low mixing temperature anodes have larger pores and the pores appears
to be connected to a larger extent than for the high mixing temperature anodes. These
larger pores are also evident in the aforementioned porosity analysis (Figures 5.4 and
5.5). The high mixing temperature anodes are more homogeneous and the pores
present are much smaller and not so interlinked. CT clearly shows qualitatively how
the density, and hence parameters like SER and permeability are improved with a
more optimised mixing temperature as already argued in several studies [6, 16, 18].
The larger pores in the low mixing temperature anodes are formed when coke particles
are not well wetted with pitch. This is supported by the observation of pore walls
appearing very rough for the low mixing temperature anodes. When the coke and
pitch interactions are good, the pore walls are smooth. This can clearly be seen in
Figures 5.7-5.13.
From theCT images it canbe seen that this particular coke typehas somecokeparticles
that look like bubbles, previously termed “bubble coke” by Sommerseth et al. [33].
The bubble coke tends to stick out from the matrix after electrolysis, indicating that it
is consumed at a lower rate than the regular coke texture. This is most likely due to
higher electrical resistivity through these high porosity grains. Alternatively, it might
be related to poor electrolyte wetting on these coke grains. It can also be seen in for
example Figure 5.9 a) that electrolyte does not penetrate into large, open pores as seen
to the right of the image. In Figure 5.9 b) a large pore or crack is seen at the upper
left corner, and in the image after electrolysis it is evident that electrolyte has only
penetrated halfway into this pore. Also, many pores do not show any penetration of
electrolyte. In [33] it is shown that the pores have to be very large and/or of a convex
character in order for the bath to penetrate into pores. This suggest that real surface
area and electrochemically active surface area are not necessarily the same, and this
will be discussed further below.
Investigations of the true surface area toward the projected or geometric surface area
before and after electrolysis was performed by confocal microscopy. The anodes were
ﬁrst ground and then investigated in the confocal microscope. Then the samples
were electrolysed at 1.0 A/cm2 for 25 mins. The electrolyte left on the surface was
removed by soaking in AlCl3. This was done to be able to repeat the analysis of the
sample surface area after electrolysis. Figure 5.14 shows the results of true area over
projected area (TA/PA) for the entire anode series before and after electrolysis. An
increase of TA/PA of about 40 % is seen for the anodes after electrolysis compared
with the polished, non-electrolysed samples. This is in good agreement with Thonstad
[43]who found by impedance measurements before and after electrolysis an increase
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in double layer capacitance of 45 %. These experiments were performed on anode
samples that had awell deﬁnedﬂat anode area, shielded by boronnitride. The samples
were also tilted (about 120◦ compared with a horizontal setup) in order to facilitate gas
bubble release. From CT images (Figures 5.7-5.13) it can be seen qualitatively that the
electrolysed surfaces are rougher than the non-electrolysed samples, supporting the
ﬁndings in both confocal microscopy and Thonstad’s capacitance measurements [43].
For the low mixing temperature anodes there is a higher scatter of TA/PA between
the anode samples and also between parallels than for the high mixing temperature
anodes; both for non-electrolysed and electrolysed samples. The scatter is due to
the presence of large pores and since the sample investigated is fairly small (10 mm
diameter) some samples will have many large pores, while others may have fewer. As
already shown with optical microscopy and CT-imaging, the high mixing temperature
anodes are more homogeneous than the low mixing temperature anodes. Also, TA/PA
is higher for the LManodes than for theHManodes of about 13%after electrolysis. The
images in Figures 5.15 and 5.16 are taken before and after electrolysis. Corresponding
contour images of the LM-MB and HM-MB anodes are also shown. The images show
multiple large pits in the LM-MB sample. There are less large pits in the HM-MB anode.
This is also conﬁrmedbyCT image analysis. It is obvious that a higher total porositywill
affect the density, permeability and electrical resistivity as Table 5.1 conﬁrms. These
pores are expected to inﬂuence the electrochemical active surface area. However,
during CT it has also been shown how even large pores are not ﬁlled with electrolyte,
implying that geometric surface area is not directly linked to the electrochemical
active surface area. This will be further discussed below. The removal of electrolyte
by soaking in AlCl3 is a weak point of this experiment. It was not possible to remove
all electrolyte on all samples, so the true area may be a little under-estimated. Also,
removing electrolyte may detach some pieces on the anode surface making the area
investigated by the confocal microscope not exactly the same area that was in contact
with the electrolyte during electrolysis.
Figure 5.17 shows the average IR corrected potential output for the last 50 s, whilst
applying 1.0 A/cm2 for 200 seconds for the anode series (after the anode had been
preconditioned at 1.0 A/cm2 at 200 s). As can be seen from the results in the ﬁgure,
baking and mixing temperatures do not affect the electrochemical potential output
of the anodes. This ﬁnding is supported by the results shown in Figures 5.18 and
5.19 where a very slow CV scan was performed in two duplicate runs with a total
of three parallels. The scans were slow (0.1 V/s), so it is reasonable to assume that
they resemble polarisation curves. No large differences in potential output can be
seen between the anodes varying in baking and mixing temperatures, and hence
varying in apparent density (1.50-1.59 g/cm3) and porosity. Jarek and Orman [44]
found that overpotential increased with decreasing porosity. However, this was when
comparing graphite to baked carbon anodes. The current work also shows increased
overpotential for graphite samples compared with the baked carbon anodes, however,
no signiﬁcant differences can be seen between the baked carbon anodes. Jarek and
Thonstad [45] found that the anodic overpotential on carbon anodes decreased slightly
with increasing apparent density. In their work the apparent density ranged from 1.32-
1.61 g/cm3, which was a wider range and also gives more extreme porosity ranges
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compared with the present work.
Figure 5.20 shows the raw data from impedance measurements at 1.5 V (non-IR cor-
rected) for two parallels each of anode LM-LB-B, HM-MB and HM-HB along with
the two equivalent electrical circuits: LR(CR) and LR(Q(R(LR))). It is evident that the
curve ﬁt for the latter model was much more accurate than for the former. For the
LR(Q(R(LR))) circuit, Equation 5.1 had to be used to approximate the effective capaci-
tance, giving rise to some uncertainty. The Cd l and Ce f f parameters for the anodes
are shown in Table 5.5. In the table the IR corrected potential for each measurement
is given along with the recorded current density response. It can be seen that the
current density varied a little between each experiment due to small variations in the
ohmic potential drop. Both the Cd l and Ce f f values shown are fairly consistent with
the values obtained by Thonstad [46], although, the calculated Ce f f values are slightly
lower than the Cd l . Nevertheless, it is evident that the LM anodes show a higher Cd l
and Ce f f than the HM anodes. This is due to the increased surface area of the more
porous LM anode. The increase of Ce f f from the LM anodes to the HM anodes is≈16 %, (considering the second HM-HB measurement anomaly). The difference of
true area over projected area measured by confocal microscopy between the LM and
the HM anodes after electrolysis was about 13 %. Hence, the effective capacitance
and the TA/PA measurements are in good agreement. The difference between the LM
and HM anodes was ≈35 % when the capacitance was determined using the LR(CR)
circuit. It seems reasonable to assume that the LR(Q(R(LR))) eqivalent circuit provides
a more realistic representation of the anode processes.
5.5 Conclusion
In this work the effect of two different mixing temperatures (150 ◦C and 210 ◦C) and
three different equivalent baking temperatures (1150 ◦E, 1260 ◦E and 1350 ◦E) were
investigated in terms of physical parameters, micro- and macroporosity and electro-
chemical performance. It has been shown that a non-ideal low mixing temperature
affects physical parameters, including density, speciﬁc electrical resistivity and perme-
ability, in a negative manner. The equivalent baking temperature affects air and CO2
reactivity. It was shown that the low mixing anodes were not homogeneous, with many
large pores distributed unevenly throughout the anode sample, most likely a result
of insufﬁcient wetting of the pitch. This was supported by CT images, as pitch could
not be observed on the walls of the large pores. The high mixing anodes were more
homogeneous, as shown by the imaging techniques. An increase in real surface area of
about 40 % was observed between non-electrolysed samples and electrolysed samples.
With confocal microscopy it was shown that the real surface area of the low mixing
over the high mixing temperature anodes was about 13 % after electrolysis. Mixing
and equivalent baking temperatures do not affect the electrochemical overpotential
to any signiﬁcant extent. The low mixing electrodes had slightly higher capacitance
values after electrolysis compared to the high mixing electrodes, indicating a slightly
larger electrochemically active surface area. The difference in electrochemically active
area is however smaller than the corresponding differences in surface roughness after
electrolysis, identiﬁed by optical microscopy. This could be understood by the CT
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images, which also showed that the electrolyte does not generally penetrate into the
pores on the surface, penetration will depend on the size and shape of the pore.
Acknowledgement
The work was ﬁnanced by Hydro Aluminium and The Research Council of Norway
through the researchprogramcalled “HALUltraPerformanceAluminiumCell”. Thanks
are due to Aksel Alstad at the NTNU workshop for fabricating the experimental parts,
Cristian Torres Rodriguez, technicians at Hydro Aluminium Årdalstangen, Ole Tore
Buset, Wojciech Gebarowski and Jannicke Kvello for help with various experimental
techniques.
122
References
[1] L. Edwards, N. Backhouse, H. Darmstadt, and M.-J. Dion. “Evolution of Anode
Grade Coke”. Light Metals (2012), pp. 1207–1212.
[2] K. Grjotheim and H. Kvande. Introduction to Aluminium Electrolysis. 2nd. Dus-
seldorf: Aluminium-Verlag, 1993.
[3] S.S. Jones and E.F. Bart. “The Role of Primary Quinoline-Insolubles in Pitch-Coke
Bond Formation in Anode Carbon”. Light Metals (1991), pp. 609–613.
[4] A.A. Mirchi, M. Collard, and G. Savard. “Interaction Study of the Paste Plant
Production Parameters on VS Soderberg Anode Paste Fluidity and Baked Anode
Performance”. Light Metals (2001), pp. 619–624.
[5] A.A. Mirchi, G. Savard, J.P. Tremblay, and M. Simard. “Alcan Characterisation
of Pitch Performance for Pitch Binder Evaluation and Process Changes in an
Aluminium Smelter”. Light Metals (2002), pp. 525–533.
[6] S. Wilkening. “Maintaining Consistent Anode Density using Varying Carbon
Raw Materials”. Light Metals (2009), pp. 991–997.
[7] D. Kocaefe, A. Sarkar, S. Das, S. Amrani, D. Bhattacharyay, D. Sarkar, and Y.
Kocaefe. “Review of Different Techniques to Study the Iteractions between Coke
and Pitch in Anode Manufacturing”. Light Metals (2013), pp. 1045–1050.
[8] V.G. Rocha, C. Blanco, R. Santamaría, E.I. Diestre, R. Menéndez, and M. Granda.
“An insight into pitch/substrate wetting behaviour. The effect of the substrate
processing temperature on pitch wetting capacity”. Fuel (2007), pp. 1046–1052.
[9] A. Sarkar, D. Kocaefe, Y. Koceafe, D. Sarkar, and Bhattacharyay. “Coke-pitch
interactions during anode preparation”. Fuel (2014), pp. 598–607.
[10] P. Couderc, P. Hyvernat, and J.L. Lemarchand. “Correlations between ability of
pitch to penetrate coke and the physical characteristics of prebaked anodes for
the aluminium industry”. Fuel (1986), pp. 281–287.
[11] J. Cao, A.N. Buckley, and A. Tomsett. “Re-examining the Pitch/Coke Wetting
and Penetration Test”. JOM (2002), pp. 30–33.
[12] D.Auguie,M.Oberlin, A.Oberlin, andP.Hyvernat. “FormationofThinMesophase
Layers at the Interphase between Filler and Binder in Prebaked Anodes. Effect
of Mixing on Mesophase”. Carbon (1981), pp. 277–284.
[13] F. Keller and P.O. Sulger. Anode Baking. 2nd. Sierre: R & D Carbon Ltd., 2008.
[14] B. Ndjom, M.S. Malik, A.A. Marzouqi, T.K. Sahu, and S.A. Rabba. “Improving
Anode Baked Density and Air Permeability through Process Optimization and
Coke Blending”. Light Metals (2013), pp. 1105–1110.
[15] V.G. Rocha, C. Blanco, R. Santamaría, E.I. Diestre, R. Menéndez, and M. Granda.
“Pitch/coke wetting behaviour”. Fuel (2005), pp. 1550–1556.
[16] K. Hulse, R.C. Perruchoud, W.K. Fischer, and B.J. Welch. “Process Adaptations
for Finer Dust Formulations: Mixing and Forming”. Light Metals (2000), pp. 467–
472.
[17] V.G. Rocha, C. Blanco, R. Santamaría, E.I. Diestre, R. Menéndez, and M. Granda.
“The effect of the substrate on pitch wetting behaviour”. Fuel (2010), pp. 1373–
1377.
[18] S. Wilkening. “Potentials in the Paste Plant”. Light Metals (1997), pp. 569–576.
123
[19] K. Azari, H. Alamdari, G. Aryanpour, D. Ziegler, D. Picard, and M. Fafard. “Com-
paction properties of carbon materials used for prebaked anodes in aluminum
production plants”. Powder Technol. (2013), pp. 650–657.
[20] V. Piffer, P. Miotto, C. Kato, M. Meier, R. Perruchoud, and P. Sulger. “Process
Optimization in Bake Furnace”. Light Metals (2007), pp. 959–964.
[21] B. Samanos and C. Dreyer. “Impact of Calcination Level and Anode Baking
Temperature on Anode Properties”. Light Metals (2001), pp. 681–688.
[22] L.P. Lossius, I. Holden, and H. Linga. “The Equivalent Temperature Method for
Measuring the Baking Level of Anodes”. Light Metals (2006), pp. 609–613.
[23] S. Rørvik, L.P. Lossius, and A.P. Ratvik. “Determination of Coke Calcination Level
and Anode Baking Level - Application and Reproducibility of L-sub-C Based
Methods”. Light Metals (2011), pp. 841–846.
[24] M. McClung, J.A. Ross, and G. Chovanec. “A Method to Determine the Optimal
Baking Level of Carbon Anodes”. Light Metals (2000), pp. 473–479.
[25] L.P. Lossius, J. Chmelar, I. Holden, H. Linga, and M. Tkac. “Pilot Scale Anodes
for Raw Material Evolution and Process Improvement”. Light Metals (2013),
pp. 1177–1182.
[26] T.E. Jentoftsen, H. Linga, I. Holden, B.E. Aga, V.G. Christensen, and F. Hoff. “Cor-
relation between Anode Properties and Cell Performance”. Light Metals (2009),
pp. 301–304.
[27] J. Lhuissier, L. Bezamanifary, M. Gendre, and M.-J. Chollier. “Use of Under-
Calcined Coke for the Production of Low Reactivity Anodes”. LightMetals (2009),
pp. 979–983.
[28] H.Al-Haj-IbrahimandB.I.Morsi. “Desulfurizationof PetroleumCoke: AReview”.
Ind. Eng. Chem. Res. (1992), pp. 1835–1840.
[29] L. Edwards, K.J. Neyrey, and L.P. Lossius. “A Review of Coke and Anode Desulfu-
rization”. Light Metals (2007), pp. 895–900.
[30] A.D. McNaught and A. Wilkinson. Compendium of Chemical Terminology. 2nd.
Oxford: IUPAC, 1997.
[31] L.P. Lossius, K.J. Neyrey, and L. Edwards. “Coke and Anode Desulfurization
Studies”. Light Metals (2008), pp. 881–886.
[32] F. Vogt, K. Ries, and M. Smith. “Anode Desulfurization on Baking”. Light Metals
(1995), pp. 691–700.
[33] C. Sommerseth, R.J. Thorne, S. Rørvik, E. Sandnes, A.P. Ratvik, L.P. Lossius, H.
Linga, and A.M. Svensson. “Spatial Methods for Characterising Carbon Anodes
for Aluminium Production”. Light Metals (2015), pp. 1141–1146.
[34] Micromeritics. AutoPore IV 9500, Operator’s Manual V1.09. Micromeritics, 2011.
[35] S. Rørvik and H.A. Øye. “A Method for Characterization of Anode Pore Structure
by Image Analysis”. Light Metals (1996), pp. 561–568.
[36] S. Rørvik, M. Aanvik, M. Sørlie, and H.A. Øye. “Characterization of Optical Tex-
ture in Cokes by Image Analysis”. Light Metals (2000), pp. 549–554.
[37] R.J. Thorne, C. Sommerseth, A.M. Svensson, E. Sandnes, L.P. Lossius, H. Linga,
and A.P. Ratvik. “Understanding Anode Overpotential”. Light Metals (2014),
pp. 1213–1217.
[38] R.J. Thorne, C. Sommerseth, A.P. Ratvik, E. Sandnes, S. Rørvik, L.P. Lossius, H.
Linga, and A.M. Svensson. “Correlation between Coke Type, Microstructure and
124
Anodic Reaction Overpotential in Aluminium Electrolysis”. J. Electrochem. Soc.
(2015), E1–E11.
[39] O.S. Kjos, T.A. Aarhaug, H. Gudbrandsen, A. Solheim, and E. Skybakmoen. “Fun-
damental studies of perﬂuorocarbon formation”.Proc. 10th AASTC (2011). Ed. by
B. Welch, G. Stephens, J. Metson, and M. Skyllas-Kazacos.
[40] D.A. Harrington and B.E. Conway. “ac Impedance of Faradaic Reactions Involv-
ing Electrosorbed Intermediates - I. Kinetic Theory”. Electrochim. Acta (1987),
pp. 1703–1712.
[41] M.E. Orazem and B. Tribollet. Electrochemical Impedance Spectroscopy. 1st. New
Jersey: Wiley, 2008.
[42] M. Orazem, I. Frateur, B. Tribollet, V. Vivier, S. Marcelin, N. Pebere, A.L. Bunge,
E.A. White, D.P. Riemer, and M. Musiani. “Dielectric Properties of Materials
Showing Constant-Phase-Element (CPE) Impedance Response”. J. Electrochem.
Soc. (2013), pp. C215–C225.
[43] J. Thonstad. “Double layer capacity of graphite in cryolite-alumina melts and
surface area changes by electrolyte consumption of graphite and baked carbon”.
J. Appl. Electrochem. (1973), pp. 315–319.
[44] S. Jarek andZ.Orman. “TheFaradaic Impedanceof theCarbonAnode inCryolite-
Alumina Melt”. Electrochim. Acta (1985), pp. 341–345.
[45] S. Jarek and J. Thonstad. “Double-layer capacitance and polarization potential
of baked carbon anodes in cryolite-alumina melts”. J. Appl. Electrochem. (1987),
pp. 1203–1212.
[46] J. Thonstad. “TheElectrodeReactionon theC,CO2 Electrode inCryolite-Alumina
Melts-II. Impedance Measurements”. Electrochim. Acta (1970), pp. 1581–1595.
125
6 Conclusions
This work shows that there are both advantages and disadvantages related to blending
of isotropic cokes in anodes. The most obvious positive effects are the lower potential
oscillation amplitudes observed during bubble build-up and release. For anodes
with blending ratios of isotropic to anisotropic coke of 7.2 %-49.0 %, the potential
oscillation amplitude was reduced by ∼0.19 V compared with an anode made from
100 % anisotropic coke. This reduction in potential oscillation amplitude is remarkably
high and should be investigated further using larger anodes and a more industrial coke
aggregate sizing. The improved wettability towards the electrolyte found for anodes
containing isotropic coke by using the dedicated immersion-emersion apparatus
compared with the purely anisotropic coke offers an explanation for this lowered
potential oscillation magnitude. A slight reduction in reaction overpotential was also
observed for anodes containing isotropic coke. Hence, isotropic coke appears to have
some beneﬁcial effects concerning electrochemical performance in the electrolysis
cell.
However, the major drawbacks when considering use of isotropic cokes in anodes are
the increased amount of impurities and the higher coefﬁcient of thermal expansion. A
threshold was observed for this pilot anode line between 14.2 % and 35.0 % isotropic
coke content, in terms of anode cracking. The increased metal impurities in the
coke will eventually report to the metal. Also, the increased sulfur content may raise
problems in terms of keeping below authority limits for SO2 emissions, unless an
efﬁcient wet scrubber facility is already present. The low porosity of isotropic coke
will also affect the optimum pitch level. Care must be taken when producing anodes
containing isotropic coke in order to avoid over-pitching.
The mixing temperature appeared to have a larger impact on the quality of the pilot
anodes than the baking temperature. A too low mixing temperature proved to produce
carbon anodes with a higher porosity, lower density, lower speciﬁc electrical conduc-
tivity and higher air permeability. The increased porosity of anodes produced with the
lower mixing temperature was very visible when using X-Ray computed tomography.
However, the reaction overpotential was not affected by the various mixing and baking
temperatures. Nevertheless, the capacitance was observed to increase slightly with
lower mixing temperatures. This was attributed to the higher surface roughness of
anodes produced with a low mixing temperature.
Thepresentworkhas clearly shown that it is extremely important to tune all production
parameters during anode fabrication, including blending ratios of isotropic coke to
anisotropic coke, pitch content, mixing temperatures and baking temperatures.
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7 Topics for Further Research
Two paths are suggested for the further work where the ﬁrst includes veriﬁcation of
the small laboratory scale experiments performed in this work:
• Optimisationof anode recipes: This includes optimisingmixing temperature of
pitch and coke, depending on the cokes used and optimising the granulometry
of the coke fractions.
• Larger anodes: Electrochemical testing of anodes blended with isotropic coke
with a coke recipe more similar to industrial scale anodes. This also means that
the anode samples would have to be scaled up. Electrochemical testing of larger
anodes has amperage limitations regarding potentiostats. However, bubble
experiments can be performed using a power supply, and these experiments
can give valuable information on the potential behaviour as bubbles build up
and release on more upscale anodes.
• Electrolyte composition I: Electrochemical testing should be performed in elec-
trolytes more similar to industrial conditions i.e. Al2O3 concentration of 3-4 %
and additions of CaF2.
• Electrolytecomposition II:Electrochemical testingof anodes containing isotropic
coke using an electrolyte depleted of Al2O3 in order to investigate the effect the
high sulfur isotropic cokes have on anode effect.
• Industrial measurements: Measuring the bubble voltage ﬂuctuations when
bubbles build up and releases on industrial anodes containing isotropic coke vs.
anodes not containing isotropic coke.
Further work building on this thesis can (and should) also look into the following:
• See-through cell: Repeat the bubble experiments using the pilot anodes (or
similar) in a see-through cell, to investigate visually the bubble generation.
• Surface investigations: Investigate the anode surfaces after anode effect to
determine if the increased sulfur content in isotropic coke will effect the degree
of C-F bonding. High sulfuric cokes are expected to form COS to a greater extent
than low sulfuric cokes. Will COS formation delay the COF2 formation?
• Wettingproperties: A further investigationas towhyanodes containing isotropic
coke show a higher wettability towards the electrolyte compared to anodes of an-
iostropic coke. What role does impurities play? What role does carbon structure
play?
127
Appendices
A The Aluminium Reference Electrode
A stable reference electrode is crucial to the success of electrochemical measurements.
The reference electrode is used for controlling and monitoring the potential when
performing electrochemical experiments. The cryolite electrolyte represents a harsh
environment due to the high temperature and the corrosive nature. A commonly
used reference electrode in laboratory scale experiments is the aluminium reference.
Various designs of aluminium reference electrodes have been described elsewhere
[1–4]. The aluminium reference electrode is produced in-house, and a new reference
has to be made for each experiment. A returning question when performing the elec-
trochemical measurements for this thesis was the stability of the reference electrode.
An experiment series for testing the reference electrode stability was performed in
order to create an optimised procedure during electrochemical testing.
A.1 Reference Electrode Preparation
A sketch of the reference electrode is shown in Figure A.1. This reference electrode
was essentially based on the reference electrode described in [1], with some minor
alterations. As indicated in the ﬁgure, the reference electrode was made of a boron
nitride tube (Øout e r = 10 mm, Øinne r = 5 mm). A hole (Ø = 1.5 mm) was drilled
approximately 2.5 cm above the inner bottom of the BN tube. This hole allowed for
the electrolyte to enter the reference electrode. 0.66 g pure aluminium was placed in
the BN tube, giving a melted pool of aluminium at the bottom of the tube. The boron
nitride tube was threaded onto a steel tube. A tungsten wire was threaded through
an aluminium oxide (Alsint) tube (1.5 x 3 x 600 mm) and placed inside the steel tube.
1 cm of the tungsten wire was left unshielded by the Alsint tube and the tungsten wire
was lowered into the pool of aluminium once the aluminium had melted (see Figure
A.1).
Care had to be taken while lowering the Alsint tube and tungsten making sure that the
tungsten wire did not slip inside the Alsint tube. Care also had to be taken in order to
make sure that the boron nitride did not break when the tungsten wire hit the bottom
of the tube as boron nitride is very brittle. Lastly, the reference electrode was lowered
to the bottom of the carbon crucible holding the electrolyte, and then raised 1 cm
from the bottom. After this step, the laboratory electrolysis cell was left for an hour to
let electrolyte penetrate the hole in the reference electrode and let the system settle.
A.2 Reference Electrode Stability Testing
The reference electrode testing set out to investigate the stability of the reference
electrode over time during one day and between days. The purpose was also to test
A.1
the effect of open circuit potential (OCP) on the output potential and series resistance,
Rs , when current was applied. A long time period is observed until the open circuit
potential stabilised during experiments. Two reference electrodes were made and
placed in the laboratory cell. The potential output between the reference electrodes
and the anode was logged with a datalogger. The datalogger was also used to log the
current output during EIS measurements at various potentials in order to compare
with the output current reported by the potentiostat.
Figure A.2 shows a sketch of the vertical anode setup used and the laboratory cell.
Only one reference electrode is drawn in the sketch for simplicity. A current density of
1.0 A/cm2 was applied and a Zahner IM6 potentiostat with a built in electrochemical
impedance spectroscopy (EIS) module was used. The potentiostat had a PP201 20 A
booster from Zahner-Elektrik. Ultrapure graphite was used as test material, since this
material is highly uniform and homogeneous.
Figure A.1: Sketch of the reference electrode used.
A.2
(a) (b)
Figure A.2: Electrochemical experimental setup used during electrochemical testing. All
measures indicated in the ﬁgure are in mm. a) Vertical anode assembly. b) A principle
sketch of the electrolysis cell used with the aluminium reference electrode, the graphite
crucible with the walls acting as the cathode, the vertical anode assembly and the elec-
trolyte.
A.3
A.3 Results from Reference Electrode Testing
FigureA.3 a) shows theaveragepotential output (not IR corrected) obtainedat 1.0A/cm2.
It is seen that reference 2 was more stable throughout the experiment of three days,
especially when excluding the ﬁrst anode. Instabilities for the ﬁrst anode run in a fresh
electrolyte are frequently observed. Reference 2 seems more stable during the ﬁrst
day compared with reference 2 according to Figure A.3 a).
Figure A.3 b) shows the potentials measured at 1.0 A/cm2 at various OCP values. It is
evident that a large variation in OCP does not have large effect on the potential. This
is also seen in Figure A.5 b).
Figure A.4 shows the measured potential vs. time obtained in a different test. In Figure
A.4 a rather large drift can be seen for reference 1 during the night between day 1 and
day 2. This is also obvious when comparing the potential output (IR corrected) in
Figure A.5 a) where a larger change in the potential outputs for reference 1 can be seen
compared with reference 2 between the day 1 and day 2 current applications. When
comparing Figure A.3 and A.5, a variation in the level of raw data potentials (not IR
corrected - IR correction is typically 0.3 V) can be seen. For run 1 the potentials (non
IR corrected) are observed in a range of 1.82-1.96 V while for run 2 the potentials are
in the range of 2.05-2.20 V.
Table A.1 shows that Rs was not affected by the OCP value it was tested at.
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Figure A.3: a) Potential output for each anode at 1.0 A/cm2, run 1 and b) potential output
when varying OCP.
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Figure A.4: Raw data from reference electrode stability testing, run 2. The potential is not
IR corrected. Anode changes (i.e. disconnection of cables) can be observed as massive ver-
tical potential jumps in both positive and negative voltage direction.
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Figure A.5: a) Potential output for each anode at 1.0 A/cm2, run 2 and b) potential output
when varying OCP.
Table A.1: Series resistance measurements at various OCP.
Test run Anode OCP Rs
V Ω
Test 2 Graphite 2 0.629 0.2230
Test 2 Graphite 2 0.534 0.2217
A.5
A.4 Conclusions from Reference Electrode Testing
The above results from the reference electrode stability testing provided the foundation
for a standardised procedure during electrochemical testing of carbon anodes for this
thesis:
• The tests were limited to one day only, due to the increased risk in drifting
reference electrodes overnight.
• A dummy anode where a current of 1.0 A/cm2 was applied was used ﬁrst in every
new electrolyte before the real electrochemical testing started.
• Graphite samples would be run ﬁrst (but after the dummy sample) and last in
every test sequence as a check on the reference electrode stability during the
day.
• Two reference electrodes were made and used for every experiment in order to
minimise the risk of a drifting reference electrode. A datalogger was used for
simultaneous logging of the potential when applying 1.0 A/cm2.
• Since variations in OCP values were not found to affect the output potentials
and the ohmic resistance (Rs ), it was decided to run the electrochemical testing
without waiting for a certain OCP value. This was also beneﬁcial in terms of time
saving in the laboratory.
• Due to the variations inpotentialbetween electrochemical test runs, graphitewas
used as a reference, and all potentials for the pilot carbon anodes are reported
relative to the graphite value of the day.
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B ScanningElectronSpectroscopyandEnergyDispersive
X-Ray Spectroscopy Images
Figures B.1-B.8 show SEM and EDS images of the horizontal surface of 10 mm anode
cores as described in Chapter 3.3.2.
B.1
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(e) (f)
Figure B.1: SEM/EDS pictures of the anode made of 100 % anisotropic coke, sample 1.
a) SEM Surface map, b) Carbon element map, c) Sulfur element map, d) Iron element map,
e) Vanadium element map and f) Silicon element map.
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Figure B.2: SEM/EDS pictures of the anode made of 100 % anisotropic coke, sample 2.
a) SEM Surface map, b) Carbon element map, c) Sulfur element map, d) Iron element map,
e) Vanadium element map and f) Silicon element map.
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Figure B.3: SEM/EDS pictures of the anode made of 100 % anisotropic coke, sample 3.
a) SEM Surface map, b) Carbon element map, c) Sulfur element map, d) Iron element map,
e) Vanadium element map and f) Silicon element map.
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Figure B.4: SEM/EDS pictures of the anode made of 100 % anisotropic coke, sample 4.
a) SEM Surface map, b) Carbon element map, c) Sulfur element map, d) Iron element map,
e) Vanadium element map and f) Silicon element map.
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Figure B.5: SEM/EDS pictures of the anode made of 49 % isotropic and 51 % anisotropic
coke, sample 1. a) SEM Surface map, b) Carbon element map, c) Sulfur element map,
d) Iron element map, e) Vanadium element map and f) Silicon element map.
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Figure B.6: SEM/EDS pictures of the anode made of 49 % isotropic and 51 % anisotropic
coke, sample 2. a) SEM Surface map, b) Carbon element map, c) Sulfur element map,
d) Iron element map, e) Vanadium element map and f) Silicon element map.
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Figure B.7: SEM/EDS pictures of the anode made of 100 % isotropic coke, sample 1.
a) SEM Surface map, b) Carbon element map, c) Sulfur element map, d) Iron element map,
e) Vanadium element map and f) Silicon element map.
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Figure B.8: SEM/EDS pictures of the anode made of 100 % isotropic coke, sample 2.
a) SEM Surface map, b) Carbon element map, c) Sulfur element map, d) Iron element map,
e) Vanadium element map and f) Silicon element map.
B.9
C Details on Equivalent Circuits, Capacitance and
Electrochemical Impedance Spectroscopy
The in situ electrochemically active surface area can be measured by electrochemical
impedance spectroscopy (EIS), by extracting the capacitance using a variety of equiv-
alent electrical circuits [1]. The capacitance for a parallel-plate capacitor, C, given
in Farads, F, is directly proportional to the area of the electrode by the expression in
Equation C.1 [2].
C = εrε0
A
d
(C.1)
In the equation, ε0 and εr are the dielectric constant in vacuum and the relative
dielectric constant, respectively. d is the distance between the plates and A is the area
of overlap between the plates.
Figure C.1 shows an example of a Nyquist plot obtained by EIS for one of the pilot
anodes used in the present work. Some frequencies are indicated in the ﬁgure. The
ﬁtting of two relevant equivalent circuits are also indicated. The Nyquist plots were
ﬁtted to equivalent circuits using the software Zview 3.4e by Scribner Associates, Inc..
LR(CR) and LR(Q(R(LR))) are equivalent to the circuits shown in Figure C.2 a) and b),
respectively. Common for both the LR(CR) and LR(Q(R(LR))) circuits is that the ﬁrst
L is attributed to inductance of cables and leads. The inductance is assumed to be
dominating for the very high frequencies (i.e. ≥100000 Hz). The ﬁrst R is attributed
to the resistance of the electrolyte as well as the resistance through leads and cables.
This resistance is known as the series resistance, RS . Measured potentials can be
IR corrected using the series resistance, RS , as obtained from the high frequency
intercept of the Nyquist plots. In the LR(CR) circuit the C and the R are the double
layer capacitance, Cd l and the resistance to charge transfer, RCT , respectively. As
indicated in Figure C.1, the LR(CR) circuit is used to investigate the ﬁrst semi-circle
only.
For the LR(Q(R(LR))) circuit, Q is the constant phase element. The constant phase
element is introduced since the semi-circle deviates from a perfect semi-circle as
described in [1, 3] and as indicated in Figure C.1. The relatively high surface roughness
of carbon anodes makes it reasonable to introduce a constant phase element. The
second and third R in LR(Q(R(LR))) are the resistance to charge transfers for the ﬁrst
and second semi-circles, RCT , 1 and RCT , 2, as indicated in Figure C.2 b). Finally, the
second L is the inductance of adsorbed species, Lad s , on the anode surface. This
circuit was described by Harrington and Conway [4], except that the ideal double layer
capacitance, Cd l has been replaced by a constant phase element, Q. This equivalent
circuit was derived for a general reaction sequence involving intermediately adsorbed
species.
C.1
	

 
 
 
 





	
























Figure C.1: Example of Nyquist plot.
(a) (b)
(c)
Figure C.2: a) The LR(CR), b) LR(Q(R(LR))) and c) LRC equivalent circuits, respectively.
C.2
The effective capacitance, Ce f f , can be calculated from the constant phase element, Q,
according to Equation C.2 (equivalent to Equation 15 in Orazem et al. [3] developed for
Faradaic systems). The effective capacitance is also denoted interfacial capacitance
and may be considered to be a good approximation for the double layer capacitance.
Ce f f =Q
1/α

RS (RCT1 +RCT2)
Rs +RCT1 +RCT2
(1−α)/α
(C.2)
α is the dimensionless constant phase element exponent. The remaining symbols are
described above.
Figure C.2 c) shows the LRC circuit. This circuit is used in the high frequency range in
order to extract the double layer capacitance, Cd l . It is assumed that inductance of the
wires is dominating for the horizontal part of the curve below the y-intercept in Figure
C.1. For the present work, the inductance was extracted at 100000 Hz, according to
Equation C.3.
L100000H z =
ZIm ,100000H z
2π f
(C.3)
In Equation C.3, f is the frequency and ZIm is the imaginary impedance. The induc-
tance was then used to calculate the capacitance using ZIm for each frequency step
according to Equation C.4.
Cdl ,hig h f r e quenc y =
1 ·106
1.52 ·2π f (2π f L −ZIm ) (C.4)
Cd l f r e quenc y could then be plotted vs. frequency and from the graph a horizontal
capacitance range is found in the high frequency region. This horizontal range can
then be used to determine Cd l ,hig h f r e quenc y . This method has also been described in
[5–7].
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C.4
D ImpedanceParameters forEquivalentCircuitsLR(CR)
andLR(Q(R(LR))) forAnodesVarying in IsotropicCoke
Content
Tables D.1 and D.2 show the parameters (inductance, L, series resistance, Rs , double
layer capacitance, Cd l and resistance to charge transfer, Rc t ) obtained bymodelling the
impedance raw data with the equivalent electrical circuit, LR(CR), for the ﬁrst anode
parallel in the two duplicate runs. In the tables the IR corrected potential and the
corresponding current density are also shown. Tables D.3 and D.4 show the parameters
obtained when modelling the impedance raw data with the equivalent electrical
circuit LR(Q(R(LR))) for the ﬁrst parallel for the two duplicate runs, respectively. These
parameters include inductance, L, series resistance, Rs , constant phase element, Q,
the dimensionless constant phase element exponent, α, resistance to charge transfer,
RCT1 and RCT2 , and inductance of adsorbed species on the electrode surface.
Table D.1: The parameters obtained by modelling the EIS results by the equivalent circuit
LR(CR), run 1, parallel 1.
Anode V i L RS Cd l RCT
IR corr.
V A/cm2 H Ω μF Ω
Graphite 1.45 0.14 1.78·10−7 0.25 46 0.38
0 % 1.40 0.34 2.15·10−7 0.21 262 0.13
7.2 % 1.40 0.32 2.59·10−7 0.23 265 0.14
14.2 % 1.39 0.32 2.58·10−7 0.24 220 0.14
35.0 % 1.40 0.35 2.90·10−7 0.20 218 0.13
49.0 % 1.38 0.30 2.51·10−7 0.23 327 0.14
100 % 1.39 0.34 2.51·10−7 0.23 307 0.11
Table D.2: The parameters obtained by modelling the EIS results by the equivalent circuit
LR(CR), run 2, parallel 1.
Anode V i L RS Cd l RCT
IR corr.
V A/cm2 H Ω μF Ω
Graphite 1.48 0.06 3.69·10−7 0.30 39 0.84
0 % 1.43 0.17 4.99·10−7 0.29 289 0.23
7.2 % 1.44 0.17 5.45·10−7 0.25 267 0.24
14.2 % 1.44 0.17 5.19·10−7 0.26 269 0.23
35.0 % 1.44 0.16 4.40·10−7 0.27 317 0.23
49.0 % 1.43 0.20 4.97·10−7 0.25 294 0.19
100 % 1.44 0.17 4.85·10−7 0.25 455 0.18
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Table D.3: The parameters obtained by modelling the EIS results by the equivalent circuit
LR(Q(R(LR))), run 1, parallel 1.
Anode V i L RS Q α RCT1 Lad s RCT2
IR corr.
V A/cm2 H Ω μF Ω H Ω
Graphite 1.45 0.14 2.23·10−7 0.21 189 0.85 0.35 2.39·10−4 0.10
0 % 1.40 0.34 2.25·10−7 0.20 807 0.88 0.12 1.59·10−4 0.03
7.2 % 1.40 0.32 2.65·10−7 0.23 566 0.92 0.11 2.46·10−4 0.04
14.2 % 1.39 0.32 2.69·10−7 0.23 707 0.88 0.12 1.33·10−4 0.03
35.0 % 1.40 0.35 3.07·10−7 0.19 1116 0.82 0.12 1.39·10−4 0.04
49.0 % 1.38 0.30 2.40·10−7 0.26 1410 0.84 0.12 2.73·10−4 0.04
100 % 1.39 0.34 2.63·10−7 0.22 1476 0.83 0.10 9.88·10−5 0.02
Table D.4: The parameters obtained by modelling the EIS results by the equivalent circuit
LR(Q(R(LR))), run 2, parallel 1.
Anode V i L RS Q α RCT1 Lad s RCT2
IR corr.
V A/cm2 H Ω μF Ω H Ω
Graphite 1.48 0.06 4.29·10−7 0.25 119 0.88 0.67 1.16·10−3 0.25
0 % 1.43 0.17 5.13·10−7 0.27 897 0.87 0.18 1.07·10−3 0.07
7.2 % 1.44 0.17 5.58·10−7 0.24 727 0.89 0.18 1.04·10−3 0.07
14.2 % 1.44 0.17 5.35·10−7 0.24 934 0.86 0.19 1.03·10−3 0.07
35.0 % 1.44 0.16 4.58·10−7 0.25 1322 0.84 0.19 1.18·10−3 0.07
49.0 % 1.43 0.20 5.12·10−7 0.23 1195 0.84 0.16 5.93·10−4 0.05
100 % 1.44 0.17 5.13·10−7 0.22 5753 0.71 0.18 8.69·10−4 0.05
D.2
Capacitance parameters are shown in Tables D.5 and D.6 where the double layer capac-
itance, Cd l is extracted directly from the LR(CR) circuit and the effective capacitance
is calculated using Equation 3.12 and the parameters obtained by modelling from the
LR(Q(R(LR))) circuit (shown in Tables D.3 and D.4). The parameters for one parallel of
each pilot anode from the two duplicate runs.
Table D.5: Capacitance results from electrical impedance spectroscopy using two different
models: LR(CR) and LR(Q(R(LR))), run 1, parallel 1.
Anode V i Cd l Ce f f
IR corr. LR(CR) LR(Q(R(LR)))
V A/cm2 μF/cm2 μF/cm2
Graphite 1.45 0.14 30 20
0 % 1.40 0.34 172 142
7.2 % 1.40 0.32 174 156
14.2 % 1.39 0.32 145 119
35.0 % 1.40 0.35 143 102
49.0 % 1.38 0.30 215 173
100 % 1.39 0.34 202 158
Table D.6: Capacitance results from electrical impedance spectroscopy using two different
models: LR(CR) and LR(Q(R(LR))), run 2, parallel 1.
Anode V i Cd l Ce f f
IR corr. LR(CR) LR(Q(R(LR)))
V A/cm2 μF/cm2 μF/cm2
Graphite 1.48 0.06 26 19
0 % 1.43 0.17 289 158
7.2 % 1.44 0.17 267 149
14.2 % 1.44 0.17 269 143
35.0 % 1.44 0.16 317 164
49.0 % 1.43 0.20 294 153
100 % 1.44 0.17 455 183
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Abstract
Pilot test anodes were designed by Hydro Aluminium
for laboratory studies using controlled blends of <2
mm aggregate from two single source cokes. Spa-
tial and imaging methods were used to characterise
anode surfaces with respect to consumption, density,
pore distribution and real active area before and after
electrolysis. The methods include X-ray computed
tomography (CT), confocal microscopy, scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS). It was found that during electro-
lysis, the electrolyte does not completely wet the
carbon inside large pores on the surface. Hence, even
large pores do not contribute to the electrochemically
active surface area. Large grains of isotropic cokes
and anisotropic sponge cokes are consumed at approxi-
mately the same rate, and bubble coke in anisotropic
sponge cokes are consumed at a slower rate than
the bulk material. This is due to higher resistivity
through the bubble coke.
Introduction
Producing stable and good quality anodes is critical
for satisfactory performance of anodes during electro-
lysis. The industry is facing deteriorating coke quality,
and previously rejected fuel grade cokes of isotropic
character now have to be accepted as anode grade
coke [1, 2]. These changes in coke quality will aﬀect
impurity levels, impurity elements and mixing and
baking properties [3, 4]. Physical parameters like
density, speciﬁc electric resistivity, air permeability,
mechanical strength, coeﬃcient of thermal expansion,
thermal shock resistance, thermal conductivity, CO2
and air reactivity and dusting are commonly used in
the aluminium industry to characterise carbon anodes
to evaluate their quality. These tests are done on non-
electrolysed anodes before they have been used in
cells, but there is not necessarily a good correlation
between these properties and the anode performance
during electrolysis.
When dealing with anodes and electrolysis to produce
aluminium, one important factor is how the electrolyte
wets the anodes. Wettability is an important factor
for gas bubble growth, formation and release. Dif-
ferent coke types may aﬀect wetting properties of
anodes towards the electrolyte. Wetting tests have
traditionally been done using the sessile drop method,
where electrolyte is placed on an unpolarised anode
surface, heated and the wetting angle measured when
the electrolyte has melted. This gives an idea of the
wetting conditions; although wetting conditions are
thought to change during polarisation of the carbon
surface. Poor wetting between electrolyte and anode
is often said to cause the anode eﬀect [5, 6], although
this has been disputed by other researchers [7]. When
performing the sessile drop method it has been found
that the lower the alumina concentration, the poorer
wetting [7].
Through powerful spatial imaging methods the under-
standing on how anodes are consumed during elec-
trolysis can be improved. Wetting properties of the
electrolyte toward the anode surface and pores in the
anode structure can be investigated by CT scanning.
Adams et al. [8] showed how CT scanning can be used
to view interior of baked anodes. Picard et al. [3, 9]
have demonstrated the use of CT scanning to deter-
mine apparent density and detect cracks in anodes.
The method is non-destructive and enables reconstruc-
tion of the internal morphology of the samples, thus
providing useful information about both pristine and
electrolysed anodes. Confocal microscopy can be used
to investigate the roughness of anode surfaces before
and after electrolysis, and increases the understand-
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ing of how anodes are consumed during electrolysis.
The opportunity to create large area maps in SEM
and create EDS elemental maps of larger areas also
gives important information on the distribution of
various impurity elements and coke grains, and how
they might aﬀect anode consumption locally.
In this work, wetting of the carbon anode during elec-
trolysis, as well as possible preferential consumption of
coke grains (anisotropic grains with and without high
content of sulphur, bubble coke, and isotropic grains)
has been investigated by CT scanning, SEM/EDS and
confocal microscopy in order to better understand an-
ode performance during electrolysis. Cracks in anodes
formed during the baking process is also investigated
by CT scanning.
Experimental
Pilot anodes were specially designed and made at
Hydro A˚rdalstangen for these experiments. They
were produced from industrial grade coke and pitch.
The anodes were made of <2 mm coke aggregate from
two diﬀerent single source cokes and produced to a
common sieving curve from ball mill product (ﬁnes
<63 μm), 0-1 and 1-2 mm fractions. This was done
to ensure a comparatively smooth and representative
exposed surface area.
Three diﬀerent anode materials were studied:
• Anode A = made from 100 % single source
anisotropic sponge coke A (ﬁnes from sponge
coke)
• Anode B = made from 100 % single source
isotropic coke B (ﬁnes from isotropic coke)
• Anode C = 49 % isotropic coke B, 51 %
anisotropic sponge coke A (ﬁnes from sponge
coke)
The anodes were characterized by complementary
image analysis techniques to investigate the pore dis-
tribution on the surface and interior in the anodes
and electrolyte penetration into pores before and after
electrolysis by using CT and investigating the pore
structure in anodes before electrolysis by confocal
microscopy. SEM/EDS were used to perform element
mapping on large surface areas.
For the CT mapping an anode assembly similar to
the one shown in Figure 1 in Thorne et al. [4] was
used (Ø = 10 mm, height of anode sample = 5 mm).
The anode test piece was covered with a BN piece
on the top and bottom to create a horizontal anode
surface area. A graphite rod in the middle served
as electrical contact. The anodes were scanned both
before and after electrolysis at 1.0 A/cm2 for 1800
s in a cryolitic melt with cryolite ratio 2.3 and satu-
rated in alumina. The anodes were withdrawn from
the electrolyte with current still on (hot-pulled). CT
was performed with a Nikon XT H225 ST. A molyb-
denum reﬂection target was used. Settings for the
imaging were 110 kV and 200 μA. Integration time
was 1 second, 1440 projections per revolution, dis-
tance from source to sample was 35.1 mm, distance
from source to detector was 1124.8 mm and the voxel
size (combination of “volume” and “pixel” to denote
the resolution) was 6.2 μm. Three diﬀerent software
programs from Nikon Metrology were used to create
the CT images: Inspect-X (used to control the x-ray
generator, sample table and collecting images), CT
Pro 3D (used to edit parameter ﬁles for reconstruction
of CT images) and CT Agent (used for reconstruction
of CT images). The images were exported as a stack
of 2000 single 2D images sliced in the XY (transverse)
direction. These were loaded and postprocessed in Im-
ageJ by cropping, translating and rotating the images
so that the after electrolysis scans matched the be-
fore electrolysis scans. The images were then merged
into two side-by-side images allowing easy comparison
of the before and after electrolysis scans. All these
steps were done automatically by a custom written
macro. The translation and rotation parameters were
determined manually.
A diﬀerent anode assembly was used for the confocal
microscopy and SEM/EDS scans. The anodes were
rods of Ø = 10 mm where the horizontal anode sur-
faces were grinded with SiC paper step-wise down
to P#4000. The distribution of impurities on the
anode surfaces was determined by SEM/EDS and the
changes in topography before and after electrolysis
was studied in an Inﬁnitefocus from Alicona 3D con-
focal microscope. The resolution was 410 nm. The
equipment used for the SEM/EDS large area image
mapping was a low vacuum SEM, Hitachi S-3400N
and the software used was Aztec by Oxford Instru-
ments. The entire horizontal end piece area of the
anode sample was investigated by creating over 400
small area maps with an overlap of 20 %. These
maps were then stitched together to one large map
using the Aztec software. 3D maps from confocal mi-
croscopy showed the surface roughness of the grinded
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samples. Electrolysis was conducted for 1500 s at
a current density of 1.0 A/cm2, in a melt saturated
with alumina, and with a cryolite ratio of 2.3. The
electrolyte left on the anode samples after electroly-
sis, was removed using a solution of AlCl3. Confocal
microscopy measurements were repeated for the elec-
trolysed samples in order to investigate changes in
the surface roughness.
Results and Discussion
CT Imaging
Figures 1, 2 and 3 show two cross-sections before and
after electrolysis through the core of two diﬀerent
anode parallels of the three anode materials (A-C),
obtained by the CT method. The dense core in the
middle is the graphite rod that the anode test piece is
threaded around, in order to create electrical contact.
The before and after images have been matched to ﬁt
the exact rotation and height in the anode piece and
allows for identiﬁcation of the electrolyte wetting of
pores and carbon consumption on the surface. The
CT images give a close to frozen view of the electrolyte-
carbon surface interaction during electrolysis as the
electrolyte freezes very quickly on the anode surface
when it is taken out of the furnace.
In Figure 1, cross-sections of an anode (Ø = 10 mm)
made of anisotropic sponge coke is shown. The single
source coke used for anode A is inhomogeneous, with
some small areas of bubble coke. Anode A is a well-
mixed anode with few large pores. Figure 4 shows a
zoom-in on an area of anode A parallel 2 with bubble
coke and matrix before and after electrolysis. It is
interesting to see that the bubble coke is consumed
at a much lower rate than the bulk material. Also,
the bubble coke appear to have poorer wetting to-
wards the electrolyte, as the electrolyte layer is very
thin. One explanation to why the bubble coke are
consumed at a lower rate can be higher electronic re-
sistivity through these high porosity grains. Another
explanation can be that pores are ﬁlled with CO2 gas,
causing an overpressure that block the electrolyte
from penetrating the pores. The former explanation
seems more likely.
Anode B is displayed in Figures 2 (a) and (b). This
anode is made from pure isotropic coke. The anode
samples are full of large pores indicating potential
for improved recipe, by changing the ratio between
ﬁnes and larger coke grains. Even large pores are not
ﬁlled with electrolyte, and the images suggest that the
electrolyte forms a bridge at the neck of the pore. It
is only when pores are convex (e.g. the pore of the left
end of Figure 2 (b)) that the pore walls are wetted by
electrolyte and contribute to the active surface area.
In those cases an edge eﬀect is seen and the surface
is rounded oﬀ through electrolysis.
Images of scans of anode C are shown in Figure 3 (a)
and (b). Anode C is a mixture of anisotropic (51 %)
and isotropic coke (49 %). The isotropic coke grains
are easily detectable as spheres in the anisotropic ma-
trix. The anode is more porous than Anode A and
long narrow cracks can be seen in the matrix close
to the isotropic coke grains. Two enlarged pictures
of anode B and C, shown in Figure 5, show that
these narrow cracks can only be seen in the anodes
of mixtures of coke A and B, not in anode B made
of pure single cokes. The cracking probably occurs
due to diﬀerent thermal expansion of the coke types
during baking. In Figure 3 (a) a white inclusion is
seen in the non-electrolysed image in the upper left
corner near the anode surface. After electrolysis, this
inclusion is gone, and has left a void. It is reasonable
to assume that this inclusion has been dissolved into
the electrolyte. The electrolyte has not penetrated
well into the void, suggesting poor wetting between
the electrolyte and the anode when the anode is po-
larised. No preferred consumption between isotropic
and anisotropic cokes can be seen.
Confocal Microscopy Images and SEM/EDS Maps
Figures 6 (a)-(x) show images from SEM/EDS in-
vestigations and confocal microscopy. EDS maps for
other elements than sulphur have been excluded due
to space limitations, although elements like Ca, Fe,
Si and Zn were spread on the surface of the anode.
Vanadium was not detected for anode A, but was
found to “outline” the large spherical isotropic coke
grains for anodes B and C. Figures 6 (d), (h) and
(t) show contour images of the surfaces of anode A
(both parallels) and anode C (parallel 1) after elec-
trolysis, where the electrolyte has been removed using
an AlCl3 solution. On all those images it can be seen
that bubble coke sticks out, suggesting low carbon
consumption. The CT images support these ﬁndings.
Also, there are indications that areas high in sulphur
may have been consumed at a higher rate than the
matrix. This can be due to diﬀerent structure of the
coke grains high in sulphur compared to the regular
coke grains.
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(a)
(b)
Figure 1: Anode A (a) Parallel 1. (b) Parallel 2.
(a)
(b)
Figure 2: Anode B (a) Parallel 1. (b) Parallel 2.
(a)
(b)
Figure 3: Anode C (a) Parallel 1. (b) Parallel 2.
(a) (b)
Figure 4: Anode A enlarged area, parallel 2 (a) Before
electrolysis. (b) After electrolysis.
(a) (b)
Figure 5: Enlarged area on anode cracks (a) Anode
B. (b) Anode C.
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(a) (b) (c) (d)
(e) (f) (g) (h)
(i) (j) (k) (l)
(m) (n) (o) (p)
(q) (r) (s) (t)
(u) (v) (w) (x)
Figure 6: Anode A, parallel 1 ((a)-(d)) and parallel 2 ((e)-(h)). Anode B, parallel 1 ((i)-(l)) and parallel
2 ((m)-(p)). Anode C, parallel 1 ((q)-(t)) and parallel 2 ((u)-(x)). (a), (e), (i), (m), (q) and (u) are SEM
surface maps. The pictures are stiched together of over 400 single pictures. (b), (f), (j), (n), (r) and (v)
are sulphur element maps obtained by EDS. (c), (g), (k), (o), (s) and (w) are confocal microscopy images
before electrolysis. (d), (h), (l), (p), (t) and (x) are 3D contour images obtained by confocal microscopy after
electrolysis. 
To verify this, more experiments need to be done, and
possibly other methodologies need to be used. The
removal of electrolyte by AlCl3 is a weak point of the
methodology of confocal imaging after electrolysis.
Parts of the anode can detach when performing this
cleaning procedure and the electrolyte proved diﬃcult
to remove from the anode despite being submerged
into the AlCl3 solution for a long time. Figures 6 (l)
and (p) suggest that the ﬁnes have been consumed
at a higher rate than the larger isotropic coke grains.
However, the CT images do not support this, suggest-
ing that removal of electrolyte on the carbon surface
may have contributed to this observation. The CT
images do not support any preferred consumption be-
tween the large isotropic coke grains and the ﬁnes and
pitch binder. However, the ﬁnes in anode B were of
isotropic character, whereas the ﬁnes in anodes A and
C were of anisotropic character. Hence, Figures 6 (t)
and (x) suggest that isotropic ﬁnes detach more easily
from the anode surface when removing the electrolyte.
This can be due to poor wetting between coke and
pitch during anode fabrication.
Conclusion
CT imaging is a powerful and non-destructive method
to investigate interior and structure (carbon poros-
ity and coke grain distribution) of carbon anodes for
aluminium production, both before and after elec-
trolysis. The method gives valuable information on
cracks and porosity, and can thus indicate ways to
optimise baking and mixing temperature as well as
pitch/coke interactions. CT also gives information
on the consumption of the carbon surface when elec-
trolysed. Large area mapping in SEM/EDS enables
the investigation of relatively large anode surfaces
in terms of elemental distribution of impurities and
homogeneity. Confocal microscopy can be used to
determine the real surface area including the pore
surfaces. It can also be used to investigate the anode
surface after electrolysis to a certain degree. The most
important ﬁndings in this work is that during electrol-
ysis there is no preferred consumption between large
grains of anisotropic and isotropic coke. For sponge
cokes, bubble coke are consumed at a slower rate than
the matrix and electrolyte does not penetrate even
larger pores unless they are of convex character.
Acknowledgement
This work was funded by The Norwegian Research
Council and Hydro Aluminium AS through the re-
search project Hal Ultra Performance. Funding and
permission to publish is gratefully acknowledged. A
great thank you is also sent to Aksel Alstad, Cristian
Torres, Ole Tore Buset and Julian Tolchard.
References
[1] L. Edwards, N. Backhouse, H. Darmstadt, and M.-
J. Dion, “Evolution of anode grade coke,” Light
Metals, pp. 1207–1212, 2012.
[2] L. Edwards, F. Vogt, M. Robinette, R. Love,
A. Ross, M. McClung, R. Roush, and W. Morgan,
“Use of shot coke as an anode raw material,” Light
Metals, pp. 985–990, 2009.
[3] D. Picard, J. Lauzon-Gauthier, C. Duchesne,
H. Alamdari, M. Fafard, and D. Ziegler, “Au-
tomated crack detection method applied to CT
images of baked carbon anode,” Light Metals,
pp. 1275–1280, 2014.
[4] R. Thorne, C. Sommerseth, A. Svensson,
E. Sandnes, L. Lossius, H. Linga, and A. Ratvik,
“Understanding anode overpotential,” Light Metals,
pp. 1213–1217, 2014.
[5] H. Vogt, “Eﬀect of alumina concentration on the
incipience of the anode eﬀect in aluminium electrol-
ysis,” J. Appl. Electrochem., pp. 779–788, 1999.
[6] H. Vogt, “The anode eﬀect as a ﬂuid dynamic prob-
lem,” J. Appl. Electrochem., pp. 137–145, 1999.
[7] P. Meunier, B. Welch, M. Skyllas-Kazacos, and
V. Sahajwalla, “Eﬀect of dopants on wetting prop-
erties and electrochemical behaviour of graphite
anodes in molten Al2O3-cryolite melts,” J. Appl.
Electrochem., pp. 837–847, 2009.
[8] A. Adams, O. Karacan, A. Grader, J. Mathews,
P. Halleck, and H. Schobert, “The non-destructive
3-D characterization of pre-baked carbon anodes
using x-ray computerized tomography,” Light Met-
als, pp. 535–539, 2002.
[9] D. Picard, H. Alamdari, D. Ziegler, B. Dumas, and
M. Fafard, “Characterization of pre-baked carbon
anode samples using X-Ray computed tomography
and porosity estimation,” Light Metals, pp. 1283–
1288, 2012.

E.4 From Light Metals Proceedings 2016
From Light Metals 2016, Edward Williams, ed., pp. In press. Copyright 2016 by The
Minerals, Metals & Materials Society, 184 Thorn Hill Road, Warrendale, PA 15086 USA.
Reprinted with permission.
E.9
ELECTROCHEMICAL REACTIVITY AND WETTING PROPERTIES OF
ANODES MADE FROM ANISOTROPIC AND ISOTROPIC COKES
Camilla Sommerseth1, Rebecca Jayne Thorne2, Arne Petter Ratvik3, Espen Sandnes1, Stein Rørvik3,
Lorentz Petter Lossius4, Hogne Linga4 and Ann Mari Svensson1
1Dept. of Materials Science and Engineering, Norwegian University of Science and Technology,
NO-7491 Trondheim, Norway
2Norwegian Institute for Air Research, NO-2027 Kjeller, Norway
3SINTEF Materials and Chemistry, NO-7465 Trondheim, Norway
4Hydro Aluminium AS, A˚rdal, Norway
Keywords: Carbon Anodes, Anisotropic Coke, Isotropic Coke, Electrochemical Reactivity, Wetting
Properties
Abstract
High quality anodes require stable raw materials. As
the quality of the coke available for production of
anodes is changing, future production will rely on
cokes that are more isotropic with higher impurity
levels than traditional raw materials. The purpose
of this work was to improve the understanding of
the electrochemical reactivity of diﬀerent cokes. An-
ode:electrolyte wetting is a key factor towards deter-
mining electrochemical reactivity, which in turn is
aﬀected by anode properties, type of coke and po-
larization. Pilot anodes were fabricated from single
source cokes; one anisotropic coke low in impurities,
and one isotropic coke with signiﬁcantly higher im-
purity levels. Electrochemical characterisation in-
cluded chronopotentiometry, cyclic voltammetry and
impedance spectroscopy. Wetting properties were
studied on both unpolarised and polarised samples by
a dedicated wetting apparatus, and indirectly by com-
puted tomography (CT) images of frozen electrolyte
ﬁlms.
Introduction
The quality of anode grade coke has changed in the
past decade due to shortage in supply of traditional
anisotropic sponge coke, and cokes that were pre-
viously not regarded as anode grade coke are now
accepted by the aluminium industry. These cokes are
blended with more traditional anisotropic coke [1, 2].
An improved knowledge on how isotropic cokes in-
ﬂuence the electrochemical behaviour of anodes is
needed and has been investigated in [3, 4, 5]. The
overpotential is a source of increased energy consump-
tion. Equation 1 summarises the measured anodic
potential, where Erev is the reversible potential (1.187
V w.r.t. Al/Al3+ [6]), ηc is the concentration over-
potential, and in a saturated melt this overpotential
may be considered negligible. η′r is the reaction over-
potential which will depend on the anode material [4].
ηh is overpotential caused by hyperpolarisation due to
bubbles on the surface. The last term in Equation 1
describes the increased ohmic resistance at the anode
caused by bubble build-up: δRs denotes the ohmic re-
sistance due to bubbles blocking the anode surface and
R’s is the ohmic resistance with no bubbles screening
the anode. Due to the vertical anode setup used, ηh,
I · δRs and I ·R’s are negligible. Thorne et al. found a
slight reduction in reaction overpotential when using
isotropic coke compared to anisotropic sponge coke
in anodes [4].
Emeasured = E
rev + ηc + η
′
r + ηh + I(R
′
s + δRs) (1)
Electrical impedance spectroscopy (EIS) can be used
in order to investigate the capacitance of anodes,
which is generally assumed to represent the wetting
of the anode surface by the electrolyte [7]. An in-
crease in capacitance of about 45 % was seen on a
polarised anode sample compared with a fresh anode
sample, and this capacitance increase was attributed
to higher surface area exposed to electrolyte. Thon-
stad [7] measured a double layer capacitance range for
pyrolitic graphite between 45-75 μF/cm2 and a range
for baked carbon between 150-600 μF/cm2 using a
horizontal anode setup. In this work, capacitance is
used in order to determine the charge per anode area
for the diﬀerent anode materials used. Thorne et al.
[4] found a slightly higher capacitance for an isotropic
coke anode compared with an anisotropic coke anode,
denoted as Anode 4 and Anode 1, respectively.
The wetting properties have been studied for various
electrolyte compositions and also for polarised vs. un-
polarised samples [6, 8]. Solheim et al. [8] described
how wetting properties change after polarisation of
an anode surface compared with an unpolarised sur-
face, using a specially constructed wetting apparatus
for the immersion and emersion of a carbon anode
cup. It was observed that the receding wetting angle
during emersion changed when a crucible containing
a cryolitic electrolyte was pulled away from an anode
sample, before and after polarisation. CT imaging
can also be used to investigate the frozen electrolyte
image on an anode sample and is hence anticipated to
reﬂect the wetting properties on the anode:electrolyte
interface [9]. The sessile drop method was used in
order to investigate the anode:electrolyte interface
on an unpolarised anode surface by Thorne et al.
[5]. It was found that for both graphite and the
anisotropic coke materials, the anode:electrolyte wet-
ting angles were of non-wetting character, i.e. θ>90◦.
The isotropic anode materials showed a wetted charac-
ter between anode:electrolyte, i.e. θ<90◦. The sessile
drop method is an equilibrium measurement, where a
very small electrolyte sample is placed on the anode
surface. There are some sources of error with this
method, including the small electrolyte sample on
the very small anode surface area, the fact that the
electrolyte:anode interface is stagnant, sensitivity to
surface inhomogeneities and that no polarisation is
applied.
In this work, the electrochemical reactivity of anodes
towards a cryolitic electrolyte was investigated by re-
action overpotential measurements and cyclic voltam-
metry. The wetting properties of the anode towards
the electrolyte were investigated using three diﬀerent
methods. By capacitance measurements from EIS, by
use of a dedicated wetting apparatus where the eﬀect
of polarisation was investigated, as explained in [8, 10]
and ﬁnally, by CT imaging investigating the eﬀect of
the bathﬁlm thickness when pulling the anode out
of the electrolyte with and without current on. The
purpose of the work was to investigate correlations
between electrochemically active surface area and the
geometric surface area, as well as the electrochemical
reactivity.
Experimental
Pilot anodes (Ø = 130 mm, h = 180 mm) were spe-
cially designed and made at Hydro Aluminium in
A˚rdal for this experimental work. The anodes were
produced from single source industrial grade cokes,
one of anisotropic character: Anode A, and the other
of purely isotropic character: Anode B. The same
industrial grade pitch was used for both pilot anodes.
Coke aggregate were produced to a common sieve
curve from ball milled coke (ﬁnes <63 μm), 0-1 mm
and 1-2 mm fractions. Fractions of <2 mm coke parti-
cles were chosen in order to maintain a representative
exposed surface area during small scale electrochemi-
cal tests. For clarity, Anodes A and B in this work
are identical to Anode A and B in Sommerseth et al.
[9], also Anode A = Anode 1 and Anode B = Anode 4
in [3, 4, 5], however, new parallels samples have been
made for all electrochemical tests. Ultrapure graphite
(CMG grade) from Svensk Specialgraﬁt AB was used
as reference carbon material.
During electrochemical tests an experimental setup
and anode assembly similar to that described in Figure
1 by Thorne et al. [3] was used. The vertical anode
assembly gave a well-deﬁned, geometrical surface area
of 1.52 cm2 and negligible bubble noise. The surface
area was not corrected for consumption of the anodes,
however, the electrolysis time was kept to a minimum
in order to avoid changes of the geometrical anode
surface area. The electrolyte was a cryolite melt with
a NaF:AlF3 molar ratio of 2.3, corresponding to 9.8
wt% excess of aluminium ﬂuoride, AlF3. The cryolite
was from Sigma-Aldrich (>97 %) and the AlF3 was
sublimed in-house for puriﬁcation. The electrolyte
was saturated in γ-Al2O3 (9.4 wt%) from Merck.
Electrochemical reactivity of anode A and B was
determined by slow sweep-rate cyclic voltammetry
(CV) at 0.1 V/s from open circuit potential (OCP) to
2.5 V and chronopotentiometry (CP) at 1.0 A/cm2.
Capacitance was measured by EIS at 1.5 V (non-
IR corrected). Measurements were performed using
a Zahner IM6 with built in EIS module and 20 A
booster (PP201, from Zahner-Elektrik). Ohmic resis-
tance was determined by taking the high frequency
ZRe intercept from the Nyquist plot obtained by EIS
at OCP and this resistance was used to IR correct
all electrochemical tests. An aluminium reference
electrode was used and a new Al reference electrode
was produced per duplicate run. Capacitance was
extracted from Nyquist plots (EIS at 1.5 V) by three
diﬀerent methods: 1) modelling by the equivalent
circuit LR(CR) and extracting the double layer capac-
itance (Cdl) directly, 2) modelling by the equivalent
circuit LR(Q(R(LR))) and calculating the eﬀective
capacitance from Q according to Equation 13.10 in
[11] and 3) extracting Cdl directly by extracting the
inductance directly at the highest frequency (100 000
Hz) and using the high frequency range of the Nyquist
plot to determine the capacitance as described in [7].
Rod shaped anodes (Ø = 9.7 mm, h = 5 mm) were
polarised for 1500 s at 1.0 A/cm2 and electrolyte
removed by soaking in saturated AlCl3 solution until
all remaining electrolyte on the surface was removed.
The horisontal surface area was then investigated in
a confocal microscope (Inﬁnitefocus from Alicona 3D)
in order to determine the surface roughness of the
anode surface after polarisation. Based on data from
the image analysis, the ratio of true area (including
all voids and pores) to projected (geometrical) area of
the horisontal surface was calculated. This true area
over projected area was then used to normalise the
capacitance for true surface area including all voids
and pores.
The dynamic wetting angle for the anode:electrolyte
interface was determined before and after polarisation
at 0.7 A/cm2 for 10 s, using the method described
in [8] and [10]. This experimental setup was used
with a slight modiﬁcation: the anode cup samples
in this work had an outer diameter of 30 mm and
an inner diameter of 22 mm. The advancing wetting
angles are reported here (during immersion of the
anode sample into the electrolyte) due to more noisy
recordings during the emersion of the sample.
The wetting properties of the anode:electrolyte inter-
face for Anode A and Anode B were also investigated
using CT imaging. Two test pieces of each Anodes A
and B, respectively, were electrolysed for 2000 s, then
one was pulled out of the furnace with current still on
(hot-pulled) and the other was left in the electrolyte
for 5 mins after current had been turned oﬀ and then
pulled out (non-hot-pulled). The thickness of the
bathﬁlm left on the sample surface was determined
using the ImageJ software (from U. S. National Insti-
tutes of Health) where carbon and electrolyte were
distinguished from each other by setting a threshold
to the limit value of the density of the two diﬀerent
matters. Contour images of the bathﬁlm thickness
were also produced. Methodology of CT imaging is
thoroughly described in [9] and will not be described
further here.
Results and Discussion
Figure 1 shows the IR corrected potentials correspond-
ing to 0.6 A/cm2, 0.8 A/cm2 and 1.0 A/cm2 extracted
from CV curves and CP results at 1.0 A/cm2. The
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Figure 1: Overpotential reduction for Anode A and
and Anode B w.r.t. graphite reference at three diﬀer-
ent current densities (0.6, 0.8 and 1.0 A/cm2) obtained
by CV curves and by CP at 1.0 A/cm2.
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Figure 2: Capacitance for Graphite, Anodes A and
Anode B obtained by running electrical impedance
spectroscopy at 1.5 V (non-IR corrected).
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Figure 3: Surface area normalised double layer capac-
itance for Anode A and Anode B.
potential response was recorded with respect to Al
reference and normalised with respect to graphite
in order to compensate for some shifts in potential
between duplicate runs with new reference electrodes.
In general it can be seen that the purely isotropic coke
based anode (Anode B), has a slightly lower reaction
overpotential (η’r) of about 15-20 mV, compared with
Anode A, at all current densities and independent
of measuring technique. This is in accordance with
results found and reported elsewhere [4].
Figure 2 shows the capacitance for Graphite, Anode
A and Anode B, extracted using three diﬀerent meth-
ods, as described previously. For all three methods
it is clear that Graphite has a very low capacitance
at around 20 μF/cm2 due to its non-porous and al-
most polished-like surface. The industrial anodes
show higher capacitance where Anode A have values
between 130-150 μF/cm2 and Anode B have values
between 155-195 μF/cm2, depending on how the ca-
pacitance was extracted from the raw data. The
Graphite values are somewhat lower than what Thon-
stad described [7], but this is probably due to the
graphite materials used in the present work being
non-identical to Thonstad’s, as well as diﬀerent in-
struments recording the spectras. Also, the industrial
coke anodes are within the lower range to that Thon-
stad found for his baked carbon even though these
materials are certainly not identical.
Confocal microscopy was used to determine the real
surface area of the anode surfaces including all voids
and pores, and this value was reported as true area
over projected geometrical area (TA/PA). It was
found that Anode B had a slightly higher TA/PA
than Anode A. These area values were then used to
determine if the higher capacitance for Anode B com-
pared with Anode A, was merely due to increased
surface area of Anode B. The capacitance was nor-
malised in terms of TA/PA as seen in Figure 3. When
normalising the capacitance values for surface area,
capacitance values for Anode A and Anode B are still
not equal. This indicates that there is a real capac-
itance diﬀerence between the two materials. It was
also shown in [9] that pores had to be very large and
of a concave form in order to be ﬁlled with electrolyte,
with the conclusion that a surface area including all
pores and voids is not necessarily equal to the electro-
chemical active surface area. Hence, when normalising
capacitance values using TA/PA, the area eﬀect may
be over-estimated.
Figure 4 shows measured weight corrected for theoret-
ical weight (mm-mt) when taking buoyancy into con-
sideration and calculated wetting angle for Graphite,
Anode A and Anode B using the immersion-emersion
technique as described in [8], [10]. Before polarisa-
tion, the wetting diﬀerence between Anode A and
Anode B is not so pronounced while Graphite shows a
higher wetting angle. After polarisation, the wetting
changes noticeably. For all anodes tested the wet-
ting towards the electrolyte increases, but the shift is
most prominent for Anode B, changing from a wet-
ting angle of about 140◦ to nearly 90◦. This change
is highly relevant for the electrochemical reactivity
of the anode, and is contrary with the ﬁnding in [8]
where no diﬀerence between wetting angle before and
after polarisation during immersion was found. Bet-
ter wetting between anode and electrolyte probably
means better anode performance in the potrooms.
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Figure 4: Corrected weight (black) and wetting angle
(grey) before (circles) and after (triangle) polarisation.
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Figure 5: Bathﬁlm determined by CT scanning of
hot-pulled and non-hot-pulled samples.
(a)
(b)
(c)
(d)
Figure 6: Contour plots of bathﬁlm obtained by CT. (a) Anode A hot-pulled, (b) Anode A non-hot-pulled,
(c) Anode B hot-pulled and (d) Anode B non-hot-pulled.
Wetting behaviour of anode:electrolyte was also in-
vestigated by polarising the anodes at 1.0 A/cm2,
then either hot-pulling or not-hot-pulling. Then the
anodes were investigated using CT to obtain the bath-
ﬁlm thickness on the anode surfaces. Figure 5 shows
the bathﬁlm thickness for Anode A and Anode B,
both hot-pulled and non-hot-pulled. Anode B has
a slightly thicker bathﬁlm both during hot-pulling
and during non-hot-pulling compared with Anode A,
supporting better wetting between Anode B and elec-
trolyte after polarisation compared with Anode A.
An edge eﬀect is seen where the bathﬁlm is thicker
towards both ends of the vertical anode sample. The
thickness is largest at the bottom (to the right in Z po-
sition), as expected due to gravitational forces. Figure
6 shows corresponding contour images of the bathﬁlm
thickness. Blue areas have thinner bathﬁlm, while red
areas have thicker bathﬁlm. For Anode A, the large
red areas are due to electrolyte around “bubble” coke,
but on the bubble coke itself, the bathﬁlm is thin as
was also found in [9]. During hot-pulling CO2 gas
bubbles will keep some of the electrolyte oﬀ the anode
surface, and this is a likely explanation to why the
hot-pulled anodes have a thinner bathﬁlm than the
non-hot-pulled anodes. This work also supports the
beneﬁcial eﬀects of hot-pulling anodes while changing
anodes in the potroom as hotpulling will require less
cleaning of butts.
Conclusion
Isotropic coke anodes showed both higher electro-
chemical reactivity in terms of lower overpotential
and better wetting properties towards the electrolyte
compared with an anode produced from anisotropic
coke. The wetted surface area is not directly related
to the geometric surface area, and thus wetting prop-
erties are material dependent.
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